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Photovoltaics (PV) offers a unique opportunity to solve energy and environmental 
problems simultaneously because solar energy is unlimited and free and it can be 
converted into electrical energy by solar cells without any undesirable impact on the 
environment. The current cost of PV modules is $3-4/W, which needs to decrease to 
about $1/W to produce electricity at a rate of 6¢/kWh and compete with fossil fuels. 
Hence, the focus of this thesis is to develop low-cost high-efficiency on crystalline Si 
cells through fundamental understanding and low-cost technology development. This is 
done by understanding the formation of screen-printed (SP) contacts and then 
successfully fabricating high-efficiency SP solar cells on high sheet-resistance shallow 
emitters with improved surface passivation.   
In the first phase of this research, device modeling was used to quantify the 
performance enhancement possible from the high sheet-resistance emitter for various cell 
designs. It was found that for performance enhancement from the high sheet-resistance 
emitter, certain cell design criteria must be satisfied. For example, it was established that 
fill factors (FFs) greater than 0.78 can be achieved on the high sheet-resistance emitter if 
the junction leakage current Jo2 ≤ 25 nA/cm2, series resistance Rs ≤ 0.8 Ω-cm2, and shunt 
resistance Rsh ≥ 2000 Ω-cm2. In addition, model calculations showed that in order to 
achieve any performance enhancement over the conventional 40-45 Ω/sq emitter, the 
front-surface recombination velocity (FSRV) of the high sheet-resistance emitter cell 
must be less than ~120,000 cm/s. In fact, the front-surface recombination velocity should 
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be <104 cm/s to realize the full benefit of high sheet-resistance emitter cells. Moreover, 
lower base resistivity as well as lower back-surface recombination velocity (BSRV) help 
the enhancement in absolute cell efficiency resulting from the high sheet-resistance 
emitter. Similarly, a higher bulk lifetime was also to help the enhancement in open-circuit 
voltage (Voc) and efficiency as a result of the high sheet-resistance emitter.  This is 
because above changes make the cell performance more dependent on the emitter rather 
than on the base saturation current. Model calculations showed that a 100 Ω/sq emitter 
with an FSRV of ~7,000 cm/s can give ~0.7% enhancement in cell efficiency over a 45 
Ω/sq emitter for a BSRV of 1,000 cm/s, base resistivity ~1 Ω-cm, and a bulk lifetime of 
30 µs. Lowering the base resistivity, increasing the bulk lifetime, and lowering the BSRV 
were all found to enhance cell performance as a result of the high sheet-resistance 
emitter.  These guidelines were used in the design and fabrication of cells in this research. 
The next phase of this research involved the development of SP contacts to high 
sheet-resistance emitters. Initially, a selective emitter technique, which makes use of a 
self-doping paste, was employed. However, this technique was found to limit cell 
performance as well as the possibility of using >75 Ω/sq emitters because of the 
excessive diffusion of Ag from the paste during the self-doping diffusion process. Later 
on, using a mild glass frit paste in conjunction with the contact firing optimization, SP 
contacts directly to 100 Ω/sq emitters were achieved for the first time in this research. 
High-quality SP Ag contacts were obtained directly on high sheet-resistance emitters 
(100 Ω/sq) by rapid firing of DuPont PV168 Ag paste.  Excellent specific contact 
resistance (~1 mΩ-cm2) in conjunction with high fill factor (0.775) were obtained on 100 
Ω/sq emitters by a 900° C spike firing of DuPont PV168 paste in a belt furnace. The 
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combination of the contact characteristics of the DuPont PV168 Ag paste and optimized 
single-step rapid low-thermal budget firing resulted in a cost-effective manufacturable 
process for high-efficiency Si solar cells. In addition, the co-fired 100 Ω/sq cell showed a 
noticeable improvement of ~0.5% in absolute efficiency over a conventional co-fired 45 
Ω/sq-emitter cell.  Lighter doping in the 100 Ω/sq-emitter cell resulted in better blue 
response compared to the conventional cell, contributing to ~1.3 mA/cm2 improvement in 
short-circuit current. Improved surface passivation on a 100 Ω/sq emitter cell resulted in 
an additional 0.6 mA/cm2 increase in short-circuit current (Jsc), 15 mV higher Voc, and 
0.6% increase in absolute cell efficiency.  Front grid design optimization resulted in a FF 
of 0.780 with cell efficiency of 17.4% on 0.6 Ω-cm untextured float-zone (FZ) Si with 
bulk lifetime of >200 µs.  
Physical and electrical properties of SP Ag thick-film contacts were studied and 
correlated to understand and achieve good-quality ohmic contacts to high sheet-resistance 
emitters for solar cells. Analytical microscopy and surface analysis techniques were used 
to study the Ag-Si contact interface of three different SP Ag pastes (A, B, and PV168) 
subjected to high (~835° C) and conventional (740-750° C) temperature firing conditions. 
At ~750° C firing, all three pastes failed on a 100 Ω/sq emitter either because of 
incomplete etching of the silicon nitride film (PV168), an irregular small distribution of 
re-grown Ag crystallites (paste A), or an excessive diffusion of Ag into the p-n junction 
(paste B).  At a firing temperature of ~835° C, paste A failed partially and gave a lower 
open-circuit voltage because of the diffusion of Al from the glass frit into the emitter 
region.  Paste B failed because of the formation of very large (0.3-1 µm) Ag crystallites 
that shunted the p-n junction. Of the three pastes, the PV168 paste from DuPont gave the 
 xxx
best contact quality on a 100 Ω/sq emitter, with a solar cell fill factor of 0.782 only after 
annealing in a hydrogen atmosphere, which was found to enhance the conductivity of the 
glass.  
Scanning electron microscopy (SEM) studies revealed that there is very little or 
no direct contact between the Ag grid and Si emitter because of the presence of the glass 
layer.  In addition, Ag crystallites were found to be embedded in the Si emitter 
underneath the glass layer.  For optimizing the contact directly to the high sheet-
resistance emitter without any self-doping technique, it was found necessary to optimize 
paste, firing, and device parameters to achieve the best results: (1) the high-sheet-
resistance emitter profile (e.g., surface concentration and depth) and size and distribution 
of Ag crystallites that gives sufficient contact area fraction to achieve low specific 
contact resistance (ρc<3 mΩ-cm2) and avoids junction shunting; (2) the glass frit 
aggressiveness to completely etch the silicon nitride film without the formation of large 
Ag crystallites and without excessive etching of the Si emitter;  (3) the glass frit 
chemistry to achieve ultra-thin glass regions; (4) the composition and properties of the 
inorganic constituents of the paste to avoid excessive diffusion of impurities; and (5) 
spike firing at high temperatures (>700°C).  It was found that small- to medium-sized Ag 
particles in a paste with a medium-high glass transition temperature, fired rapidly, can 
produce a large number of small Ag crystallites that can give ≤1 mΩ-cm2 contact 
resistance and 0.78 FF on 100 Ω/sq sheet resistance emitters. 
To achieve superior ohmic contact to high sheet-resistance emitters, research was 
conducted to optimize the properties of the inorganic constituents of the paste (glass frit 
and metal powder) and understand their influence on ohmic contact and solar cell 
 xxxi
performance. First, the impact of the Ag particle (metal powder) size used for making the 
SP Ag paste was investigated on the quality of Ag thick-film ohmic contacts. Spherical 
particle size was varied in the range of 0.1–10 µm (ultra-fine to large). Ultra-thin (≤ 50 
Å) glass regions between the Ag grid and Si emitter were achieved for the large particle 
size paste, giving very low specific contact resistance (ρc).  However, secondary ion-mass 
spectroscopy (SIMS) measurements showed an unacceptably higher Ag concentration 
(>1015 cm-3) at the p-n junction, which increased the junction leakage current (Jo2) and 
decreased the Voc by ~7 mV and the FF by ~0.02.  The paste with ultra-fine Ag particles 
generally produced a thick glass layer at the Ag–Si contact interface, which led to high 
ρc, an increase in series resistance (Rs) (≥1 Ω-cm2), and a FF loss of ~0.03.  Small- to 
medium-sized Ag particles in the paste produced the desirable results with very thin glass 
regions in conjunction with a large number of regularly distributed Ag crystallites at the 
contact interface. This resulted in low Rs (<1 Ω-cm2), high shunt resistance (60,558 Ω-
cm2), low Jo2 (~20 nA/cm2), and high FF (0.781). Cell efficiencies of ~17.4% were 
achieved on untextured FZ Si with a 100 Ω/sq emitter by rapid co-firing of SP contacts in 
a lamp-heated belt furnace. A physical model based on competition between the sintering 
and dissolution of Ag by the glass frit is presented to explain how and why particle size 
can alter the structure of the contact interface. 
After understanding the role of the Ag particle size in the SP paste, a study was 
conducted to understand the role of the glass frit chemistry on the physical and electrical 
properties of the ohmic contact behavior. The softening characteristics of the glass frit 
determine the firing scheme suitable for low contact resistance and high fill factors (FFs). 
It was found that the glass frit with a high glass-transition temperature (Tg) (less fluid) 
 xxxii
results in a lower contact resistance to the Si emitter at conventional firing conditions 
(750° C/120 ipm) because of the formation of ultra-thin glass regions that help current 
transport via tunneling. Based on the above results, a fast crystallizing high Tg glass was 
demonstrated to be better for enhancing the Voc and cell efficiency because of reduced 
shunting and junction leakage while achieving ultra-thin glass regions. This resulted in 
untextured FZ cell efficiencies as high as 17.4% with FFs greater than 0.78 on 95-100 
Ω/sq emitters. 
The above understanding of paste chemistry and firing scheme produced ~0.4% 
increase in absolute efficiency with cell efficiency >17.4% on FZ Si.  Good contact 
quality was achieved on high sheet-resistance emitters even for low-cost multicrystalline 
and ribbon Si materials.  This was achieved in conjunction with bulk lifetime 
enhancement. Lifetimes greater than 100 µs were achieved along with the FFs in excess 
of 0.76.  The firing process was tuned for mc-Si, which involved a faster firing speed 
(120 ipm), but the peak temperature (~840° C) was similar to that for FZ Si cells.  This 
prevented shunting and resulted in high lifetime, supporting enhanced passivation of 
defects resulting from the increased retention of hydrogen during this rapid firing 
process.  Screen-printed cell efficiencies of 16.1% and ~16.2% on EFG ribbon substrates 
were achieved on high sheet-resistance emitters using PV168 Ag paste from DuPont and 
33-456 Ag paste from Ferro Corporation, respectively.  
 After achieving high-efficiency cells on planar Si substrates, attempts were made 
to fabricate SP high-efficiency cells on textured substrates using 100 Ω/sq emitters and a 
rapid single-step firing process for further efficiency enhancement.  High contact quality 
was achieved with low series resistance of 0.79 Ω-cm2, high shunt resistance of 48,836 
 xxxiii
Ω-cm2, and low junction leakage current of 2 nA/cm2, yielding a high FF of 0.784 on a 
textured 100 Ω/sq emitter.  These results were supported by the high-quality contact 
interface, which showed a large number of small Ag crystallites at the interface. In fact, 
pyramid texturing on the FZ Si surface enhanced the formation of a more regular 
distribution of Ag crystallites. Based on model calculations, a low resistivity FZ Si (0.6 
Ω-cm), was used for the base to enhance the contribution of the high sheet-resistance 
emitter to Voc.  This resulted in a record-high screen-printed cell efficiency of 19.0% 
(confirmed by NREL) on textured 0.6 Ω-cm FZ Si with a single-layer antireflection 
coating.  Extensive device modeling and characterization were performed on this 19% 
screen-printed Si cell to understand the reason for the high efficiency and to develop a 
roadmap for even higher efficiency. Device modeling revealed that without the effect of 
the metal grid on the front, the open-circuit voltage could have been ~668 mV.  However, 
this decreased to ~650 mV because of the contact recombination associated with the 
metal grid. 
Model calculations were extended to provide guidelines for achieving greater than 
20% SP Si cells on high sheet-resistance emitter. Device modeling showed that by 
achieving a low back-surface recombination velocity (BSRV) of ~50 cm/s, in conjunction 
with a back-surface reflector of 95%, and an FSRV of 20,000 cm/s, efficiencies 






1.1 Statement of Problem 
Demand for energy is expected to grow rapidly in the 21st century. Access to 
sufficient affordable energy is critical for maintaining our standard of living.  Currently, 
most of the world’s energy (~80%) is provided by fossil fuels (Fig. 1.1) [1]. Nuclear 
energy, which provides ~7% of the world’s energy, has many problems, including safety 
and cost.  The world population is expected to double by the end of the 21st century in 
conjunction with the rapid depletion of fossil fuels.  Consequently, providing sufficient 
commercial energy, let alone clean energy, is an immense task that demands urgent 
attention.  Solar energy can play a significant role in securing an adequate global energy 
supply for the 21st century, especially as the limitation on carbon emissions becomes 
more stringent.  Currently, photovoltaics (PV) accounts for less than 0.05% of the energy 
production, with more than 98% of solar cell production based on Si semiconductors in 
the form of single-crystal, multicrystalline or amorphous Si [2].  Crystalline silicon has 
been the workhorse of the PV industry since 1954 and is the second most abundant 
element in the earth’s crust.  Scalability, reliability, and performance are the reasons for 
the success of Si solar cells.  Even though the cost of Si cells was reduced by more than a 
factor of 10 in the last two decades, it needs to decrease by another factor of two to four 
to compete with traditional energy sources for utility scale applications. Most cell 
manufacturers use screen-printed contacts, instead of photolithography contacts, in an 
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effort to keep the cost low. However, screen-printed contacts contribute to significant loss 
in cell performance and contribute to considerable scatter in commercial cell efficiencies. 
Therefore, the goal of this research is to improve the fundamental understanding of the 
formation of screen-printed contacts, understand the loss mechanisms associated with it, 
improve screen-printed technology, and demonstrate that very high-efficiency screen-
printed cells can be achieved by optimizing the paste chemistry and firing conditions. 
 
1.2 Opportunities and Challenge in Photovoltaics  
Japan, Europe, and the United States lead the world in PV module shipments, 
with annual shipments of 602 MW, 314.4 MW, and 138.7 MW, respectively in 2004. PV 
is now a greater than $5 billion industry, with worldwide shipments [3] reaching 1.195 
GW in 2004 (Fig. 1.2) [4]. The U.S. photovoltaic industry roadmap, published by the 
U.S. PV Industry, May 2001, projects a growth of 25%/yr for PV, resulting in annual 
worldwide production of 21 GW by 2020. As a result of different incentive programs, 
particularly in Europe and Japan, over the past six years the PV markets have grown by 
Figure 1.1. World energy consumption by energy source (2003) [1]. 
**Other includes solar, wind, heat, tidal 
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about 35% per year, with about 60% growth in 2004 (Fig. 1.2) [4,5].  The demand for 
electrical energy is expected to grow rapidly because there are still two billion people in 
the world with little or no access to electricity and the world population may double by 
the end of this century. The potential for PV is huge in developing countries, where just 
the availability of electricity can play a major role in the economic development and 
standard of living. Many countries have vast areas where a significant fraction of the 
population lives in rural areas with no access to electricity because of the absence of an 
electric grid [6]. In those areas, PV already offers a cheaper energy option compared to 











Renewable energy sources collectively provide ~14% of the world’s primary 
energy (Fig. 1.1), with the majority of the supply coming from biomass (~10%) and large 
(>10 MW) hydropower stations (~2%).  Most of the major hydropower sites have already 
been exploited, and large-scale biomass energy production can have harmful ecological 






































Figure 1.2. World PV module production (MW) [5]. 
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particularly attractive because it is free, unlimited, and not localized in any part of the 
world.  The available capacity from solar energy is enormous.  For example, large-scale 
PV systems located in major deserts of the world can generate 200 times the world’s 
current total energy consumption of 118 trillion kWh [7], and the amount of solar energy 
incident in less than an hour on the United States exceeds its annual electrical energy 
consumption of 2.88 trillion kWh [8].  Solar energy does not compete with other 
renewable energy sources. For example, regions that are suitable for PV systems are 
generally not suitable for wind systems. Unlike some other renewable energy sources, PV 
offers a high technology approach to providing energy.  PV technology has already been 
well established as a reliable, clean, and economical source of electricity in small, off-
grid applications, far from urban areas.  However, currently the application driving the 
PV market involves urban residential rooftop systems, which is expected to remain the 
most important commercial application for PV during the current decade [9].  Smart 
integration of PV into buildings, where PV modules replace the building materials, 
reduces the effective module costs and is expected to drive and reach widespread 
commercialization.  It is already influencing building architecture and engineering in 
Europe and Japan [10].  Therefore, PV can create thousands of direct and indirect jobs 
during the coming decades. 
There are several key advantages of PV: Solar energy is unlimited because the 
sun will be around for several billion years; PV systems are simple to install and 
maintain, they are modular and can be expanded depending on energy needs; they can be 
used with other energy sources; and most of all, PV systems do not produce heat or waste 
and are nonpolluting and safe [11].  There are no fundamental or scientific barriers 
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implementing the photovoltaic effect.  When the PV production rate exceeds the 
consumption rate, it can be fed back into the grid or stored in the form of hydrogen 
produced by electrolysis from PV-generated electricity [12].  Since PV output varies 
continuously because of the change in the sun’s position and ambient conditions, the 
effective use of energy from PV requires careful thinking and planning. 
PV destined to make a significant contribution to the world energy supply because 
of the above reasons and the finite supply of fossil fuels as well as the increased 
awareness of their impact on the environment. However, for PV to become a major 
energy source, the cost of PV must become competitive with the cost of current primary 
energy sources.  Since the early 1970s when PV was seriously considered as a terrestrial 
power source, the emphasis was on research to improve performance, lower costs, and 
increase reliability [13]. This is still the case today, as reflected in the United States as 
well as the European PV roadmaps which have set a cost goal of $1/Watt for PV modules 
from bulk crystalline Si solar cells.  Figure 1.3 shows the ~80% learning curve for PV, 
i.e., the doubling of cumulative PV production leads to ~20% reduction in cost [14]. In 
the last couple of years, module sale prices ranged from $2.75/Wp-$3.5/Wp [3], with 
direct manufacturing cost approaching $2/Wp.  Table 1.1 shows how the combination of 
cell efficiency and direct manufacturing cost ($/m2) influences the final PV module cost 
in $/Watt [15].  It is obvious that higher cell efficiencies reduce module cost because it 
shrinks the size of a PV module for the same power output.  Therefore, reducing the cost 
of electricity produced by PV is actually an optimization problem in which the direct 
manufacturing cost should be reduced, while the solar cell efficiency should be improved 
simultaneously.  The research objectives in this thesis, described in the next section, are 
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entirely consistent with the goal of reducing manufacturing cost and achieving high-
efficiency solar cells. 
 
 
Table 1.1: Impact of efficiency and direct manufacturing cost ($/m2) on the final cost of 
the PV module ($/Wp) [15]. 
             Cost 
 Eff. 
$350/m2 $ 300/m2 $ 250/m2 $ 200/m2 $ 150/m2 
10% $ 3.5 $ 3.0 $ 2.5 $ 2.00 $ 1.50 
12% $ 3.0 $ 2.5 $ 2.08 $ 1.67 $ 1.25 
15% $ 2.33 $ 2.0 $ 1.67 $ 1.33 $ 1.0 




Figure 1.3. Historical plot of the module average selling price (ASP) showing 
classic learning or experience curve behavior [14].  
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1.3 Specific Research Objectives 
The overall goal of this thesis is to reduce the cost of PV through the fundamental 
understanding and development of low-cost rapid technologies suitable for high-
efficiency solar cells on single-crystal as well as multicrystalline silicon.  Figure 1.4 
shows that the cost of a silicon PV module can be divided into three parts: Si substrate 











Developing low-cost techniques without sacrificing cell efficiency reduces cell 
processing cost, and achieving higher efficiency cells reduces the use of Si and module 
assembly cost because fewer cells are required for a given power output. Contact 
formation has a very significant impact on the cost because it influences cell performance 
and throughput. Most cell manufacturers (more than 85%) use screen-printed (SP) 
contacts instead of photolithography contacts because screen printing is inexpensive, 











Figure 1.4. Cost breakdown of commercial PV modules [16].  
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efficiency by ~1.7% because of a number of loss mechanisms associated with the heavily 
doped emitters (30-45 Ω/sq) currently used for screen-printed contacts.  Heavily doped 
emitters are used in industry because SP metals do not produce acceptable ohmic contacts 
to high sheet-resistance emitters (80-100 Ω/sq). In addition, these shallow emitters can 
easily be shunted during contact firing.  Therefore, a significant portion of this research 
focuses on the development of high-performance screen-printed contact metallization to 
the lightly doped emitter (~100 Ω/sq) for Si solar cells.  The predominant technique in 
the photovoltaic industry involves the formation of ohmic contact to the 45 Ω/sq n-type 
Si emitter of on a Si substrate by screen printing Ag-based thick-film pastes followed by 
a firing process [17].  Even though the technique is simple, there is a considerable lack of 
understanding about the current transport, operation, and physics of screen-printed 
contacts. In this thesis, an attempt is made to investigate and understand the formation 
and operation of screen-printed contacts and apply that information to achieve high-
efficiency screen-printed solar cells. Model calculations in Fig. 1.5 show that if 40-45 
Ω/sq emitters are used with screen-printed contacts, a loss of ~0.5-1% in absolute 
efficiency can occur because of heavy doping effects, recombination in the emitter, and 
poor surface passivation of heavily doped emitters.  The fill factor (FF) of a solar cell, 
which is also a measure of the “squareness” of the I-V curve, is frequently used as a 
figure of merit for the contact quality; the higher the FF, the better the quality of the 
contact.  In fact, it is still a challenge to produce high-quality screen-printed contacts on 
heavily doped emitters (≤45 Ω/sq), which often give fairly low fill factors (FFs) of ≤0.75 
in production as opposed to ≥0.8 for photolithography contacts.  This contributes to 
another 0.5-1% loss in efficiency.  Thus, the combination of heavy doping effects and 
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poor contacts result in 1-2 % loss in absolute efficiency of screen-printed cells (Fig. 1.5). 
Hence, this research addresses the challenge of achieving high-quality screen-printed 
contacts to lightly doped emitters (100 Ω/sq) with the fill factor target of ≥0.78.  To 
accomplish this goal, untextured single-crystal silicon will be used first for cell 
fabrication to improve fundamental understanding and technology development. 
Emphasis will be placed on optimization as well as understanding the physical and 
electrical properties of screen-printed contacts.  The optimized process and design will 
then be applied to low-cost multicrystalline Si materials as well as textured single-crystal 
Si in an attempt to achieve record high-efficiency cells. It is important to note that a 1.5% 
increase in absolute cell efficiency for 15%-efficient baseline cells corresponds to a 10% 
increase in production capacity, which translates into a $30 million dollar increase in 











  The overall goal of this research is to develop high-quality screen-printed 
contacts to high sheet-resistance emitters for Si solar cells.  The specific objectives are 
Figure 1.5. Loss mechanisms in 45 Ω/sq screen-printed cells compared to 90-100 
Ω/sq photolithography cells. 
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divided into six tasks as follows: (1) model the impact of lightly doped emitters in screen-
printed cells and establish the requirements for achieving maximum efficiency 
enhancement relative to conventional or heavily doped emitters; (2) understand and 
compare the electrical performance of Ag contacts using different pastes and develop a 
high-throughput firing process to achieve good-quality contacts to high sheet-resistance 
silicon emitters; (3) improve the fundamental understanding of contact formation and 
current transport using different characterization tools; (4) investigate the role of glass frit 
chemistry and metal powder to optimize paste composition and establish the criteria for 
good contact quality and cell performance; (5) fabricate high sheet-resistance cells on 
textured single-crystal Si to achieve high-efficiency cells; and (6) fabricate low-cost high-
efficiency screen-printed multicrystalline and ribbon Si cells with high sheet-resistance 
emitters. 
 
Task 1: Modeling the Benefit of High Sheet-Resistance Emitter Cells 
Device modeling is performed in this task to understand and quantify the 
improvement in solar cell performance from the use of lightly doped emitters.  Modeling 
is also used to establish cell design criteria for maximizing the benefit from high sheet-
resistance emitters for screen-printed cells. Silicon solar cells with high sheet-resistance 
emitters (110 Ω/sq) are also compared to low sheet-resistance emitter cells (45 Ω/sq). 
The PC1D modeling program is used to quantify the performance enhancement resulting 
from the high sheet-resistance emitter for various cell designs.  The impact of front-
surface recombination velocity (FSRV), back-surface field (BSF), bulk lifetime, and base 
resistivity on the efficiency enhancement resulting from high sheet-resistance emitters is 
studied for screen-printed cells. Finally, modeling is performed to establish the 
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requirements for shunt resistance, junction leakage current, and series resistance to 
achieve fill factors approaching 0.79 on high sheet-resistance emitter cells. 
 
Task 2:  Development of High Sheet-Resistance Screen-Printed Silicon Solar Cells  
              with High Fill Factors 
 
In this task an attempt is made to develop a rapid, optimized firing process for 
selected pastes to achieve high-quality contacts (yielding high fill factors) on high sheet-
resistance emitters.  Firing time, temperature, and belt speed are optimized to achieve 
high fill factors. 
 
Task 3: Understanding the Formation of Screen-Printed Ag Contacts to High Sheet- 
             Resistance Si Emitters 
 
In this task, characterization tools like SEM, AFM, and SIMS are used to obtain a better 
understanding of the contact interface and physical characteristics of different thick-film Ag 
contacts.  The effect of firing temperature is studied to understand contact formation and tailor 
the contact interface.  The contact interface structure is correlated with the electrical performance 
of the contacts and solar cells for different pastes to obtain guidelines for achieving good screen-
printed contacts. 
 
Task 4: Investigation of the Effect of the Inorganic Constituents in the Screen-Printed  
             Paste on Screen-Printed Contact Quality and Interface 
 
The thick-film Ag paste consists of a glass frit (lead oxide containing silicates), 
metal powder, organic binder, and a solvent.  In this task the role of the inorganic 
constituents, i.e., glass frit and metal powder, is studied. The effect of different glass frit 
chemistries on contact quality is studied, along with the effect of the metal content, Ag 
particle size, shape, and morphology.  These pastes will be prepared by one or more paste 
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manufacturers upon our request. The objective of this task is to guide the development of 
the paste and to find an optimum paste (or pastes) that can yield very high contact quality 
and fill factor on high sheet-resistance emitters.   
 
Task 5: Fabrication of Textured Cells on High Sheet-Resistance Emitter Single- 
              Crystal Silicon 
 
Surface texturing is known to reduce reflectance and promote light trapping; 
therefore, it can produce higher cell efficiency. However, screen-printed cells on shallow 
high sheet-resistance emitters may be vulnerable to junction shunting. Therefore, the 
objective of this task is to explore paste and firing schemes that can produce record high-
efficiency textured FZ cells on ~100 Ω/sq emitters. A comparison will be made with the 
textured low sheet-resistance emitter (45 Ω/sq) cells that have a deeper junction. Cells 
will be analyzed to assess the impact of texturing on the front-surface recombination 
velocity (FSRV) and the effect of change in FSRV on the efficiency enhancement 
resulting from high sheet-resistance emitter.  
 
Task 6: Fabrication of High-Efficiency High Sheet-Resistance Cells on  
              Multicrystalline Si and Ribbon Si Substrates 
 
To fully realize the benefit of the process developed for high sheet-resistance 
emitters, screen-printed cells will be fabricated on widely used low-cost substrates in this 
task to take advantage of the lightly doped emitter and improved front-surface 
passivation.  Low-cost multicrystalline materials rely on the silicon nitride antireflection 
coating (ARC) induced defect hydrogenation during contact firing.  Better defect 
passivation leads to higher bulk lifetime. In this task, an attempt is made to tailor the 
firing conditions so that the hydrogen passivation of defects is not compromised during 
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contact firing. The objective of this task is to achieve record high-efficiency cells on 
selected low-cost materials to demonstrate that the high sheet-resistance emitter is also 








2.1 Characterization Tools for Understanding the Physical  
      Structure of the Solar Cell Contact Interface 
 
2.1.1 Atomic Force Microscopy 
 
The atomic force microscope measures topography with a force probe.  There are 
no lenses used for the scanning-probe system; thus, the probe size rather than diffraction 
effects limit the resolution.   Microscope raster scans of the probe over the whole sample 
for measuring the surface property of a sample result in an image that resembles one on a 
television screen. The atomic force microscope (AFM) resembles the stylus profilometer. 
Nevertheless, it incorporates certain improvements that enable it to achieve atomic-scale 
resolution.  These refinements include sensitive detection, flexible cantilevers, sharp tips, 
force feedback, and high resolution tip-sample positioning.  The AFM technique works 
by measuring attractive or repulsive forces between the probe tip and the sample. This 
technique is well documented in the literature [18]. A conductive atomic force 
microscopy (CAFM) technique is also employed in this thesis to measure the cross-
sectional conductivity of the screen-printed contacts across the Ag gridline-Si contact 
interface. This is done by contacting the back of the cell while a conductive probe passes 
along the contact cross-section. 
 In this research AFM measurements were used to scan the features of the contact 
interface underneath the screen-printed Ag gridline after firing.  Thus, the gridline has to 
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be etched off before the measurement.  The following sequence is used to etch the 
gridline, including the glass frit and Ag metal: 
1- 70%-HNO3 at 80° C for 10 minutes.  
 
2- DI water rinse for 2 minutes. 
 
3- 2.5%-HF at room temperature for 4 minutes.  
 
4- DI water rinse for 2 minutes. 
 
5- 70%-HNO3 at 80° C for 10 minutes.  
 
6-  DI water rinse for 2 minutes. 
 
Step 1 in the above sequence is responsible for etching the bulk of the Ag metal gridline, 
step 3 is responsible for etching the glass layer between the Ag bulk and the Si emitter, 
and step 5 is used to remove the Ag crystallites at the Si emitter surface. The above 
sequence is not the only way to remove the gridline and Ag crystallites.  Alternatively, 
the sample can be dipped in 5% HF for 5-10 minutes (until the gridline is removed) at 
room temperature to remove the gridline by etching away the glass layer.  The sample is 
then rinsed in DI water for 2 minutes, followed by a 70% HNO3 for 10 minutes at room 
temperature. The sample is finally rinsed in DI water for 2 minutes.  However, this 
technique is not preferred because of the use of high HF concentration and prolonged 
etching time. 
 
2.1.2 Secondary Ion-Mass Spectroscopy 
 
Secondary ion-mass spectroscopy (SIMS) makes use of sputtered material 
elements to determine the surface chemistry of a sample. A resolution of a monolayer and 
a sensitivity of one ppm are easily achievable using SIMS. The SIMS makes use of a 
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mass spectrometer to determine the material chemistry. The SIMS technique has been 
extensively documented in the literature [19-21]. 
SIMS is particularly well suited for depth profiling, as the sputtered particles 
reflect the true chemical composition of the solid.  The sputtered particles largely 
originate from the top one or two atomic layers of a surface; hence, SIMS is a surface- 
specific technique. The secondary ions are extracted into a mass spectrometer, which uses 
electrostatic and magnetic fields to separate the ions according to their mass-to-charge 
ratio.  The ‘dynamic SIMS’ technique, used in this thesis for depth profiling of elements 
in Si, makes use of a high incidence flux for bulk analysis involving high rates of 
material removal while providing extreme compositional sensitivity as well.  The most 
obvious advantage of SIMS is the low detection limit. The CAMECA IMS-5f dynamic 
SIMS is used in this research for surface analysis has a detection limit of ~1013 
atoms/cm3. An outstanding feature of SIMS is its ability to constantly monitor and obtain 
a depth profile of the surface composition with a resolution <10nm.  
In this research SIMS is used for detecting elements in the Si emitter region. 
These elements include the emitter dopant (P), Ag diffusion from the paste during firing 
of the grid, and other elements such as Al, Bi, Zn etc. that may be present in the paste. 
For P detection, the silicon nitride coating was first completely etched in a 10:1 H2O2:HF 
solution. For P detection underneath the gridline only the metal is removed using 
HCl:HNO3 1:3 for ~10 minutes. This prevents P from being etched from the Si surface. 
This etching solution can also be used for detecting Ag in the emitter region, including 
precipitated Ag crystallites at the interface. For detecting impurities in the emitter region 
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without the effect of any metal precipitation on the surface, the etching steps used for the 
AFM analysis described in the previous subsection can also be used. 
 
Primary Ions used in SIMS Analysis 
i- Use of Oxygen Ions for Boron and Transition Metals Analysis      
 
A beam of O2+, purified by a mass filter, was used as the source of the primary 
ions.  The impact energy of the primary ion beam was 8.0 keV at an incident angle of 39° 
from the surface normal.  The primary current was approximately 500 nA.  The primary 
beam was focused into a spot approximately 40 µm in diameter that was raster-scanned 
over a 150 µm x 150 µm square area.  Positive secondary ions generated from the sample 
were accelerated normal to its surface and were detected at 4.5 keV.  Secondary ions 
were collected from a 60-µm diameter area in the center of the raster-scanned area to 
minimize effects from the crater walls.  In the sample chamber, the working pressure was 
approximately 3x10-10 torr.  An electron multiplier and Faraday cup detectors were used 
for counting the secondary ions. Oxygen ions were used for Ag analysis in selected 
samples, however, in most cases cesium ions were used for Ag analysis. 
 
ii- Use of Cesium Ions for the Analysis of Light Elements (H, C, N, O), Phosphorous, and  
     Silver 
 
A beam of Cs+, purified by a mass filter, was used as the source of the primary 
ions.  The impact energy of the primary ion beam was 14.5 keV at an incident angle of 
25° from the surface normal.  The primary current was approximately 100 nA.  The 
primary beam was focused into a spot approximately 40 µm in diameter that was raster-
scanned over a 150 µm x 150 µm square area.   Negative secondary ions generated from 
the sample were accelerated normal to its surface and were detected at 4.5 keV.  
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Secondary ions were collected from a 60-µm diameter area in the center of the raster-
scanned area to minimize effects from the crater walls.  In the sample chamber, a 
cryoshield at liquid nitrogen temperature was used, and the working pressure was 
approximately 3x10-10 torr.  Secondary ions were counted by an electron multiplier and 
Faraday cup detectors.  
 
 
2.1.3 Scanning Electron Microscopy  
 
       The scanning electron microscope is often the preferred starting tool for analytical 
microscopy because of its versatility and the wide range of information it can provide 
[22]. In scanning electron microscopy (SEM), a focused beam of high-energy electrons is 
scanned over the surface of a material. The electron beam interacts with the material, 
causing a variety of signals—secondary electrons, back-scattered electrons, X-rays, and 
photons-- each of which may be used to characterize a material with respect to specific 
properties. State-of-the-art SEMs provide remarkable analytical versatility and a wide 
magnification range from 20x to 650,000x. High-resolution JEOL-FE-SEM 6320 was 
used for this work.  
The SEM technique is very well documented in reference [22]. The electron gun 
generates electrons and accelerates them in an energy range of 0.1-30 keV. For the SEM 
used in this work, the electron beam spot size was 20 nm while the accelerating voltage 
was 2 KeV.   
Backscattered electrons (BSE) are electrons that escaped the sample and are 
useful for compositional contrast in the specimen. Secondary electrons are collected from 
all surfaces that the beam strikes.  This results in a high collection efficiency of secondary 
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electrons from most surfaces, even partial collection from surfaces tilted away from the 
detector.  Thus, secondary electrons are a tool for a topographical analysis of the 
specimen surface. Secondary electrons were used for most of the SEM images in this 
thesis. 
In this thesis work SEM measurements were used to obtain cross-section images 
as well as top-view images of the features of the contact interface underneath the screen-
printed Ag gridline after firing.  To obtain a cross-section image of the contact interface, 
the sample was first prepared by making a notch with a diamond-tipped scribe at the edge 
of the wafer. Using a tweezer the fracture was propagated along the wafer and across the 
gridlines. SEM was then performed at the gridline/Si interface. For the top–view, images 
of the gridline were etched off before the measurement.  The following sequence was 
used to etch the gridline, including the glass frit: 
1- 70%-HNO3 at 80° C for 10 minutes.  
 
2- DI water rinse for 2 minutes. 
 
3- 2.5%-HF at room temperature for 4 minutes.  
 
4- DI water rinse for 2 minutes. 
 
 
Step 1 in the above sequence is responsible for etching the bulk of the Ag metal 
gridline and step 3 is responsible for etching the glass layer between the Ag bulk and the 
Si emitter. The Ag precipitation on the Si emitter surface is not affected by the process 







2.1.4 Transmission Electron Microscopy 
 
Diffraction and imaging high-energy electrons are important experimental 
techniques for determining structural details at atomic resolution.  The transmission 
electron microscopy (TEM) technique was originally based on the principle that magnetic 
lenses [23] can focus charged particles. Because of its atomic resolution, TEM is 
currently one of the key characterization tools in characterizing condensed matter.  
      In TEM an electron beam from an electron gun illuminates the sample, usually 
through an illuminating system of lenses. This radiation interacts with the sample and is 
scattered. The scattered radiation is brought to focus by an objective lens. Further 
magnification is needed to obtain an image of a convenient size [24]. 
Electrons have a much stronger interaction with a solid (interacting with electrons 
and nuclei in a crystal) compared to X-rays or neutrons.  Thus, multiple scattering effects 
are always present in electron diffraction. An electron beam can only pass through a very 
thin film, even though it is usually accelerated by potentials greater than 100 kV [25]. 
Hence, during the TEM process, a thin (<200 nm) sample is bombarded by a highly 
focused beam of single-energy electrons. The beam has enough energy for the electrons 
to be transmitted through the sample. The transmitted electron signal is greatly magnified 
by a series of electromagnetic lenses. Direct electron images yield information about the 
microstructure of the material and about its defects. The TEM used in this work is the 
Philips CM-30.  TEM analysis in this thesis involves direct electron images only. Energy 
dispersive spectrometry (EDS) performs qualitative or quantitative compositional 
analysis for elements.  
Before the TEM analysis, the sample is first prepared as follows: 
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1- Standard mechanical polishing down to about 50 µm followed by dimple   
polishing down to a thickness around 5µm.   
2- Ion-beam milling: The samples were then ion beam milled to a thickness of 
~100-500 nm using a Gatan precision ion polishing system (PIPS) at low 
energy and low angle.  Samples were milled using argon ions at room 
temperature.    
 
2.1.5 Energy Dispersive Spectrometry 
 
The chemical analysis of the transmission electron microscope as well as the 
scanning electron microscope is normally obtained by measuring the energy and intensity 
distribution of the generated X-ray signal using a focused electron beam.  The X-rays 
pass into a cooled reverse biased p-i-n Si Li-doped crystal, which is the detector. The 
liquid nitrogen is used to keep the Si Li-doped detector at liquid nitrogen temperature, as 
Li is mobile at room temperature.  The operation of the energy dispersive spectrometer 
(EDS) involves the absorption of an X-ray photon, which leads to the ejection of a 
photoelectron [22]. Thus, electron hole pairs are generated.  Holes and electrons are 
separated by the electric field because of the applied reverse bias voltage and are 
collected at the p and n electrodes, respectively. This results in a charge pulse that is 
converted into a voltage by a charge-to-voltage converter circuit (also called a pre-
amplifier) that makes use of a capacitor for charging and discharging as well as a field-




2.2 Characterization Tools for Understanding the Electrical  
      Properties of the Contacts and Solar Cells 
 
 
A solar cell is an optoelectronic device that works as a result of the interaction of 
sunlight with the device material or semiconductor. When sunlight is incident on the 
surface of a semiconductor with a p-n junction, a built-in field at the junction separates 
the electron-hole pairs generated by the absorbed photons in the bulk. A voltage is 
generated across the junction as electrons go to the n-region and holes to the p-region, 
resulting in charge separation. The process of generating a voltage from incident photons 
is called the photovoltaic effect. When an external load is connected across the 
photovoltaic device under illumination, a current flows through the load. Figure 2.1 
illustrates the I-V characteristics in the dark and under illumination.  
There are three important output parameters of the p-n junction solar cell: the 
short-circuit current (Jsc), the open-circuit voltage (Voc), and the fill factor (FF), as shown 
in Figure 2.1. These three parameters determine the conversion efficiency (η) of the solar 
cell, which is given by 
 
 
where Pin represents the incident power on the cell. The FF is a measure of the 




where Vmp and Imp are the voltage and current at the maximum power point. Voc can be 
expressed as 















where Jo1 is the saturation current density for a single-diode model that results from the 
recombination of minority carriers within the emitter and base regions.  
where  
























D is the diffusivity of the minority carriers in Si, ni is the intrinsic carrier concentration, 
W is cell thickness, L is the minority-carrier diffusion length, and S is the surface 
recombination velocity (SRV). ND and NA in Eq. (2) represent the emitter and base 
doping, respectively.   
To represent the single-junction solar cell more accurately, a two-diode model is 
used. In this model the junction leakage current (Jo2) represents the saturation current 
density of the second diode, which results from recombination in the space-charge region.  
The FF is strongly dependent on the series resistance (Rs), shunt resistance (Rsh), 














































2.2.1 Light-IV Measurement and Analysis 
 
The solar cell is measured under normal one-sun conditions.  This gives the Voc, 
Jsc, FF and conversion efficiency of the solar cell.  The light I-V measurement and 
analysis used in this research to extract cell parameters including resistances is illustrated 
in Figure 2.2.  The schematic of the equivalent of a circuit solar cell is shown in Figure 
2.3, assuming a one-diode model. The open circles are the measured data points. The 
three points, shown in Fig. 2.2, on the fully illuminated curve are measured during the 
normal (1 sun) IV curve measurement (0.1 sun). The only extra data needed for the 
determination of Rs are the cell Voc and Isc under shading. The point in the reverse bias is 
measured for obtaining Rsh. Since superposition is valid for a solar cell device, the shaded 
light I-V curve can be translated by the difference between the one-sun (under full light) 
curve and the 0.1-sun curve with shading. The shaded curve is then translated by Isc(full)-
Isc(shaded). Shading of 10% or 0.1 sun is used to achieve a measurement of the series 













Figure 2.1. Current-voltage characteristics of the solar 
cell in the dark and under illumination. 
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voltage on the actual measured one-sun curve corresponds to VA at Isc(full)-Isc(shaded).  VA 
and the 0.1-sun curve are shown in Figure 2.2 below.  This light IV analysis has been 
illustrated in [26]. 
 
 
The light I-V parameters can be obtained as shown by the equations below: 
 
 












VA , Isc(full) –Isc(shaded) 
Figure 2.2. Light I-V measurement analysis [26]. 
































In this light I-V analysis a single-diode model is assumed for the solar cell device. This is 
illustrated in Figure 2.3. FFo is the fill factor of the cell without the influence of Rs and 
Rsh. The FF resulting from series resistance is calculated as follows [27]: 
 
 




The effect of the shunt resistance on the FF is calculated as follows [27]:                
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To determine the overall FF of the solar cell device resulting from the effects of 
both series and shunt parasitic resistance, equation 2.13 is used, however, in this case, 
FFo is replaced by FFs calculated from equation 2.11. 
 
2.2.2 Dark I-V Measurement and Analysis 
  
Cell parameters such as Rs, Rsh, Jo1, and Jo2 can also be obtained from the dark I-
V measurement and analysis.  For the dark I-V analysis, a two-diode model is assumed to 
represent the solar cell [28]. The circuit representing the solar cell in this case is shown in 
Figure 2.4. The solar cell is measured in the dark by applying a bias voltage from 0 to 0.8 
V, and the current Jd is measured as a function of the applied voltage. The measured dark 
I-V response is shown in Figure 2.5. The experimental data is fitted to equation 2.14 
using the least-squares method (see Appendix F) and five pertinent variables: the 
saturation current density (Jo1), the junction leakage current (Jo2), the shunt resistance 
(Rsh), the series resistance (Rs), and the second-diode ideality factor n2. The first-diode 
ideality factor n1 for bulk recombination is always set to one. 
At low bias, the shunt resistance effect dominates the dark I-V curve. At voltages 
below the maximum power point, the junction leakage current (second diode) starts to 
influence the dark I-V curve, and at slightly higher voltages the bulk saturation current 
strongly affects the dark I-V curve. At higher voltages the series resistance strongly 
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2.2.3 Suns-Voc Measurement Technique 
 
The suns-Voc measurement gives a Jsc-Voc curve by obtaining the Voc for different 
suns or illumination intensity using a quasi-steady-state light pulse from a flash lamp 




































Figure 2.5. Measured and simulated dark J-V responses. 
Figure 2.4. A two-diode model equivalent circuit of a solar cell in the dark. 






as a function of time as well as the corresponding Voc as a function of time (Fig. 2.7). The 
inputs for the suns-Voc measurement are the short-circuit current (Jsc) and the shunt 
resistance (Rsh) obtained from the light-IV measurement described previously in Section 
2.2.1. The suns-Voc measurement gives the base saturation current density (Jo1), the 
junction leakage current (Jo2), and a pseudo-FF without the series resistance effect.  A 
pseudo-efficiency, without the effect of Rs, can also be obtained by this technique to 
assess the impact of Rs. The schematic representation of the solar cell measured under 
suns-Voc conditions is shown in Figure 2.8. The advantage of suns-Voc over the dark-IV 
measurement is that the effect of series resistance on the voltage is excluded and, 
therefore, more accurate results of junction leakage can be obtained at the maximum 
power point (MPP), which is the most important regime because this is where the cell 
operates. The difference between the illuminated IV curve and the suns-Voc IV curve is a 
good measure of the effect of series resistance on the cell. The equation used to fit the 
suns-Voc Jsc-Voc curve is shown below. At the open-circuit voltage conditions, the output 
current is zero: J= JL -JD= 0, where JL is the photocurrent (Jsc.suns) and JD is the dark 
current without Rs. 
      
where Jsc is the short-circuit current of the cell at one sun illumination. The suns-Voc data 
can be analyzed either by floating n2 in equation 2.15 or by fixing n2 to 2 assuming a 
mid-gap trap [30]. The fitting is done by a least-squares method described in Appendix F 
to obtain Jo1, Jo2 and n2. 





































      The measurement setup is similar to that of the lifetime PCD tester, which is 
described in Section 2.2.5, with some modifications.  There is no RLC circuit so the 
wafer does not have to be matched to the RLC resonant circuit and hence no coupling of 
the sample is needed.  However, there is a full area backside contact to the Al backside of 
the cell as well as a probe connecting to the front grid of the cell (Fig. 2.9).  There is also 
a reference cell from which the value of the sun (intensity) is obtained. It is useful to 
select a flash lamp that can give the required range of suns to cover the MPP (e.g., 0.1 to 
1 sun for our measurements). The flash lamp used in for the suns-Voc measurements is 
the Quantum-X2 with 8 ms decay time. The input parameters for the suns-Voc analysis 
are obtained from the light I-V measurement; these are the shunt resistance (Rsh), the cell 
short-circuit current (Jsc), and the first-diode ideality factor, n1, which is set to 1. 
      An implied Voc is obtained from the suns-Voc measurement by constructing an 
implied illuminated I-V curve.  This is done by using the superposition principle. At each 
Voc point, the implied terminal current is given by Jterminal= Jsc-JD= Jsc(1-suns) [29]. The 
light I-V curve is obtained without the effect of series resistance. A pseudo-FF can be 
obtained from the Jterminal versus Voc curve, which will not include series resistance.  The 
bulk minority-carrier lifetime of the finished cell may also be obtained from the Voc 

















































































































2.2.4 Determination of the Specific Contact Resistance using the  
         Transfer Length Method 
 
      The transfer length is a characteristic variable of the current path.  The transfer 
length method (TLM) technique was originally proposed by Shockley [32].  The 
measurement structure consists of more than three contacts with varying spacing, as 
shown in Figure 2.10 [33].  
. Figure 2.11 shows a current flow through the emitter into the grid. It is important 
to note that current does not flow over the entire width of the grid. The area underneath 
the grid that picks up the current is a function of the specific contact resistance (ρc): if ρc 
Jo1 Jo2 Rshunt
Jsc 
Figure 2.8. A two-diode model equivalent circuit of a solar cell under Voc condition. 
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is very small, the current travels mainly along the edge of the grid finger. On the other 
hand, if ρc is high the current path into the metal grid finger is expanded [30]. The 
resistance network in Fig. 2.12 explains this behavior. The voltage U at the metal finger 


























Figure 2.11. Current path under the metal finger: L is the 
width of the finger, Z is the length of the finger, and I is the 
electric current [30]. 
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The current path in the emitter is assumed to be homogeneous. In the layer dx the 
contact resistance can be determined from the following relationship: dRc=ρc/Zdx. 
Further mathematical analysis that requires the solution of differential equations is 
needed [34]. The voltage distribution under the gridline (Fig. 2.13) can be expressed as 
[30] 
 
where the transfer length (LT) is designated as  
 
Thus, the voltage drops by 1/e after a distance LT and the current drops correspondingly. 
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For a grid width of L, the contact resistance can then be expressed as [30] 
 
For L≥1.5LT, coth(L/LT)~1 and equation 2.18 simplifies to 
 
 
Each measurement between adjacent contacts with spacing di would result in a total 
series resistance expressed as 
 
Each measurement results in a data point as shown in the graph in Figure 2.13. For thick-
film contacts, L≥1.5LT  and equation (2.19) maybe substituted into equation (2.20), which 
gives the following equation for the total resistance to give the characteristics of a straight 
line for all the measured data points as previously shown in Figure 2.14.  








Figure 2.13. Voltage distribution under the gridline [30].
























Thus, the above equation represents the total resistance for various contact spacing d. 
Plotting RT as a function of d gives the plot in Figure 2.14. There are three parameters 
that could be extracted from the plot: the slope ∆(RT)/ ∆(d)=ρs/Z, which gives the sheet 
resistance, where the contact width Z is independently measured.  The intercept at d=0 is 
RT=2Rc, which gives the contact resistance.  Finally, the intercept at RT=0 gives d=2LT, 
which gives the specific contact resistance with ρs known from the slope of the plot.  The 
transfer length method is often used for contact resistance measurements. However, there 
are some disadvantages. One problem with the transfer length method is that incorrect 
values of ρc may be obtained if LT is not very distinct. However, probably the most 
serious problem or disadvantage of this technique is the uncertainty in the sheet 
resistance underneath the contacts. In equation (2.21), ρs is assumed constant across the 
whole emitter region. However, the sheet resistance underneath the contact may be 
different from the sheet resistance between the contacts because of the effects of the 
contact formation process itself.  This can be the case for screen-printed contacts since 
molten frit can etch part of the Si surface, as is shown in Chapter 5. However, the 






















2.2.5 Measurement of the Minority-Carrier Lifetime  
 
Figure 2.15 is an illustration of a photo-conductance measurement system. It 
includes a radio-frequency RLC circuit that exhibits a high quality factor at the resonant 
frequency [35]. An oscillating magnetic field is generated when a sinusoidal voltage is 
applied across the inductor coil. When a Si sample is brought in close proximity to the 
inductor coil, the oscillating magnetic field gives rise to eddy currents in the sample. The 
power dissipation in the sample lowers the effective quality factor of the RLC resonant 
circuit. The coupling between the inductor coil and the sample is directly proportional to 
the conductivity of the sample. When a pulse of light exposes the sample on the coil, the 
photo-generated excess carriers are injected and increase the conductivity of the sample, 
which is detected by the resonant circuit as a change in quality factor (Q). Additional 




















2.2.5.1 Fundamentals of the Lifetime Measurement Setup 
Starting with Faraday’s law of induction, the electromotive force (emf) is expressed 
as [36] 
 
The flux is given as [36]    
 
where rcoil is the radius of the inductive coil, E is the electric field, B is the magnetic field, 
and ΦB is the magnetic flux. The magnetic flux results in an induced electromagnetic 
field, which results in eddy current losses. For a sample with thickness W the current 
∫
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The current density J for a sample with conductivity σ is given as  
 
The voltage can be obtained from the electric field as shown in the following equation: 
 
The power loss resulting from the sample is  
 
where                          
 
This results in 
 
where  σW is the conductance of the sample.        
      A high photo-conductance results in a high power loss (Ploss) and a low Q factor.  The 
circuit in Figure 2.16 relates Q(t) to the output voltage Vout(t).  The schematic in Figure 
2.16 shows the matching of the resonant frequency and the difference in voltages 
between the test sample and reference sample.  
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2.2.5.2 Fundamentals of the Photo-conductance Lifetime Measurement  
       Two modes operate the minority-carrier lifetime measurement: one is by using a 
transient method and the other is using a steady-state photo-conductance method [37]. 
The transient method involves measuring the photo-conductance decay (PCD) transients 
after a very short light pulse from a flash lamp.  The effective lifetime is obtained from 
the decaying curve: 
 
The transient technique works best for minority-carrier lifetimes greater than 50 µs and is 
therefore not suitable to measure low minority-carrier lifetimes of as-grown or processed 
multicrystalline wafers. 


















Figure 2.16. A schematic explaining the process of matching the resonant 
frequency of the reference and test cell used for the PCD measurement. 
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       The other method for lifetime testing involves measuring the photo-conductance 
under steady-state illumination [38].  Using this method, minority-carrier lifetimes <50 
µs can be measured. The photo-generated excess carriers result in an increase in the 
wafer conductance:  
 
where W is the thickness of the wafer. If the effect of electron or hole trapping is small 
and charge does not build up in the wafer under illumination, then ∆n=∆p holds [39].  
Hence, equation (2.31) becomes 
 
The electron and hole mobility, µn and µp, respectively, are a function of both doping and 
injection level.  The above equation can be iterated to find both ∆n and (µn+µp).    In 
steady-state illumination, the rates of electron-hole pair generation and recombination are 
equal. The generation current (Jph) and recombination current (Jrec) are equal:  
 
Substituting the sheet wafer conductance for ∆n gives 
 
The conductance and the photo-generated current are measured by placing the test sample 
on the coil and using a reference solar cell to obtain the bulk lifetime from the PCD 
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tester.  The photo-conductance measurement as a function of time gives lifetime as a 
function of the injection level.  The minority-carrier lifetime is determined at a specific 
injection level.  For multicrystalline cells with significant traps, the lifetime is measured 
at a high injection (≥1015 cm-3) to avoid the effect of trapping.   Figure 2.17 shows the 
measured lifetime versus minority-carrier density obtained from the photo-conductance 











2.2.6 Measurement of the Saturation Current Density  
The emitter saturation current density (Joe) is an important parameter for solar 
cells that determines the degree of recombination in the emitter region. Since this thesis 
deals mainly with high-sheet resistance emitters, the measurement of Joe was frequently 
performed to determine the degree of recombination for different emitters (100 versus 40 
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Tau = 361.5 µs at 2.0E+15 cm-3
Figure 2.17. Measured lifetime versus minority-carrier density. 
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density can also be obtained from transient photo-conductance decay measurement [40]. 
The setup is identical to that of Figure 2.15. 
The continuity equation and the diffusion current equation after generation has 
stopped, can be written as 
 
To extract Joe, the test wafer is identically diffused and/or passivated on both sides 
and illuminated under transient condition. It can be shown [40] that the effective lifetime 
can be expressed in terms of bulk and surface recombination according to 
 
where ni is the intrinsic carrier concentration, τeff is the effective minority-carrier lifetime, 
τb is the bulk (or base) minority-carrier lifetime of the sample, and nav is the average 
minority-carrier concentration in the sample.  
       The transient PCD measurement gives the inverse of the minority-carrier lifetime 
versus the average minority-carrier density (Fig. 2.18). According to equation (2.36) the 







































2.2.7 Determination of the Internal Quantum Efficiency and Total  
         Reflection of the Solar Cell 
 
2.2.7.1 Spectral Response and Reflectance Measurements 
To measure the spectral response of a solar cell, the cell is mounted on a stage and 
electrically connected to the solar cell detector support module (DSM). The stage itself 
acts as the back contact for the solar cell, while a probe is connected to the grid for the 
front contact. The measurement consists of a light source, a monochrometer, an 
attachment for the sample, and a detector (Si or Ge) (Fig. 2.19).  The detector is only 
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Tau intercept = 7791.6 µs
Tau = 571.1 µs at 5.0E+14 cm-3 Structure : SiN-n+-i-n+-SiNx 
after solar cell process.
Figure 2.18. Inverse minority-carrier lifetime versus minority-carrier density for 














2.2.7.2 The Monochrometer Operation 
A mirror focuses white light entering through the entrance slit onto a rotating 
diffraction grating. The exit slit allows only a portion of the diffraction pattern to pass to 
the detector. The general grating equation is given as follows [41]: 
 
where m is the optical order; the angles θ, and β are described in Figure 2.20.  Higher 
diffraction orders become less intense because of the angular dispersion.  The angular 
dispersion for a fixed incident angle (θ) is given as [41] 
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The different optical orders are diffracted at different angles.  The absolute efficiency of a 
grating in a given wavelength range and order is the ratio of the diffracted light energy to 
the incident light energy in the same wavelength range [41]. Blazed gratings are used so 
that the diffraction envelope maximum shifts into another order. The blaze angle depends 
on the incident angle, so that various geometries requiring different blaze angles are 
possible. Thus, the grating is blazed for a wavelength λ and order m. However, orders 
may overlap one another; in this case the undesired wavelengths from other orders can be 










2.2.7.3 The Internal Quantum Efficiency of the Solar Cell  
The monochromatic light generates electron-hole pairs in the semiconductor with 
a spatial distribution given by [27] 
( )  (2.39)                                                                                 1 xNeRG αα −−=
 
where N is the incident photon flux, R is the fraction reflected, and α the absorption 




Figure 2.20. Blazed grating diffraction. 
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absorbed quickly when entering the semiconductor material.  Conventional solar cells are 
not very effective at collecting light close to the surface. The internal quantum collection 
efficiency (IQE) is defined as the ratio of the current photogenerated carriers to the 
photon flux incident just inside the light incident boundary of that particular layer, i.e., 
after accounting for reflection. It is very low for UV light.  The absorption is smaller for 
intermediate wavelengths (~500-900 nm); a large part of the generated carriers is created 
where the collection probability is high; and therefore, the IQE is high. For long –
wavelengths, light absorption is weak and only a small portion of the light is absorbed in 
the active region of the solar cell.  Thus, the IQE is decreases and drops to zero when the 
photons have insufficient energy to create electron-hole pairs. 
 The IQE is independent of the reflectance. However, it is necessary to measure 
the reflectance of the solar cell to obtain the IQE from the measured spectral response.  
For the solar cell samples, the diffuse reflectance is measured since this represents the 
reflectance of the imperfect or rough surface; this measurement requires an integrating 
sphere. The theory and operation of an integrating sphere for diffuse reflectance 










3.1 Solar Cell Metallization Techniques 
Solar cell metallization is a major efficiency-limiting and cost-determining step in 
solar cell processing [43].  High-quality high-performance photolithography/evaporated 
contacts are frequently used in the laboratory to achieve high-efficiency solar cells.  This 
technique is too expensive for low-cost production.  For cost reasons, the most common 
metallization technique used for Si solar cell production is screen-printing of thick-film 
Ag contacts.  Another competing technology for solar cell production is buried-contact 
technology, which involves laser grooving and metal plating.  These metallization 
techniques are briefly discussed in the following subsections. 
 
3.1.1 Photolithography Contacts 
Most world record high-efficiency laboratory cells are fabricated with 
photolithography contacts, which allows for more accurate prediction of solar cell 
behavior.  In this technology, metal-Si specific contact resistance is generally very low 
(1×10-5 Ω-cm2) [44], with very narrow gridlines (~8 µm) and no junction shunting.  
Therefore, photolithography cells have the highest fill factors and the highest cell 
performance.  However, this technology is time consuming and expensive because of the 
use of photo-resist mask patterning and metal e-beam evaporation. This has led to the 
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investigation, development, and use of other simpler metallization techniques for solar 
cell applications.  Photolithography (PL) contacts on the front have also been used with 
screen-printed back contacts using rapid-thermal processing technologies to achieve high 
efficiency [45].  Recently, record high-efficiency EFG (edge-defined film-fed growth) 
and string ribbon cells with photolithography front-grid metallization were fabricated at 
Georgia Tech using rapid thermal processing with efficiencies of 18.2% and 17.8%, 
respectively [46]. World record efficiencies of 24.7% on single-crystal Si [47] and 20.3% 
on cast multicrystalline Si [48] have also been achieved with photolithography contacts. 
 
3.1.2 Buried-Contact Technology 
The buried-contact (BC) technology was developed at the University of New 
South Wales to overcome screen-printing metallization limitations, including the inability 
to produce fine lines, obtain high aspect ratios, and achieve good metal conductivity and 
low contact resistance [49].  The contact grooves are made either mechanically or by a 
laser.  Contact metallization is achieved by electroless Ni/Cu plating and sintering [50].  
The advantage of buried-contact cells is that the conducting contacts are buried deeply in 
heavily doped grooves, reducing resistive losses and recombination at the contacts.  This 
results in higher fill factor, open-circuit voltage, and current.  This technology also allows 
for contacting lightly doped emitters, thus lowering surface recombination and enhancing 
the “blue response.”  Laser-grooved buried-contact solar cells with surface texturing, 
lightly diffused emitter, and oxide passivation have been fabricated with efficiencies of 
~19.8% on 12-cm2-area cells [51].  High-efficiency (17.5%) buried-contact cells have 
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been reported on large-area multicrystalline wafers using mechanical V-grooves and 
electroless plating of Ni and Cu [52]. 
 Low-cost selective-emitter techniques have also been investigated for buried-
contact solar cells. P-doped spin-on dopants (SOD) and screen-printed dopant paste have 
been used for selective-emitter formation [53].   
 
3.1.3 Screen-Printing Technology 
Screen-printed (SP) contact technology, which is the focus of this research, is 
much more rapid and cost effective compared to photolithography and buried-contact 
technologies.  The screen-printing equipment is robust, simple, and inexpensive, and the 
screen-printing technique can also be easily automated with a throughput exceeding 
1,000 wafers per hour.  It produces a small amount of chemical waste with little 
environmental impact and is modular for actual production facilities [54].  Screen 
printing is truly a cost-effective option for large-scale solar cell manufacturing, provided 
high-quality contacts with FF≥0.77 can be achieved in production.  
Figure 3.1 shows a schematic of the screen-printing process. During the actual 
printing, a squeegee moves the paste across the screen.  This action causes a decrease in 
the viscosity of the paste, which in turn allows the paste to pass through the patterned 
areas onto the substrate. As the squeegee passes, the screen peels off and the paste 
viscosity returns to normal.  Factors that affect the screen peel are the paste and its 
viscosity, the area of the print, the tension of the screen, the squeegee speed, and the 
snap-off distance between the sample and the screen.  The screen is made of an 
interwoven mesh kept at high tension, with an organic emulsion layer defining the 
printing pattern.  A disadvantage of screen printing is the cost of the metal paste since 
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controlled micro-sized high purity silver particles are required, with a paste composition 
designed for solar cell processing [51].  However, screen printing is the most widely used 
metallization technique for Si solar cells because of the above mentioned advantages. A 
solar cell contact has to meet certain requirements [55]: 
1- Low contact resistance to Si, 
2-  Low line resistance, 
3- Negligible effect on the Si substrate, 
4- Good line resolution, 
5- Good solderability, 
6- Good adhesion, 
7- Low cost. 
The firing of a thick-film paste on the diffused and antireflection-coated front-side of 
the wafer is a technique similar to soldering, which requires wetting the surface without 










Figure 3.1. The screen-printing process. 
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3.1.3.1 The Composition of Screen-Printing Pastes 
 
   The paste is composed of four different materials: metal powders, glass frit and 
modifiers, solvent, and non-volatile polymers or resin, which are blended together [56].  
The role of these ingredients is described below: 
1- Functional phase, which consists of the metal powder (e.g., Ag in the case of 
conductive metal pastes for printing the front grid), and is responsible for 
providing the current conduction; 
2-   Binder phase, which holds the paste to the substrate, dissolves the metal powder 
and sticks to the substrate or provides adhesion during high-temperature firing.  It 
also affects the sintering kinetics. This is also called glass frit, which is a mixture 
of metal oxides and silicon dioxide melted to form a uniform glass. Before being 
added to the paste, the glass is milled to a thin sheet and crushed.  Normally, lead 
oxide is the most important ingredient, which is added in amounts of 2-5% for the 
sintering action. Other components can be bismuth, boron, aluminum, copper, and 
titanium.  Phosphorus can also be added to improve the contact with the n-type 
emitter. 
3- Vehicle, which acts as a carrier for the powders and consists of both volatile 
solvents and non-volatile polymers.  These substances evaporate during the 
drying and burn-off steps before the actual firing step. The vehicle is also 
responsible for pseudoplastic behavior and adhesion of the paste to the substrate 
during printing. 
4- Modifiers, which are small amounts of additives that are proprietary to the paste        
manufacturer.  These additives control the behavior of the paste before and after      
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processing.  The modifiers include combinations of elemental metals such as Ge, 
Bi, Pb, Li, Cd, In, and Zn [57].   
  The front-side paste typically contains about 70% silver.  Silver can be present as 
very fine spherical particles of 1-2 µm, or as flakes that are about 5 µm in size.  The 
flakes are normally in very small quantities; they are important for good contact (low 
contact resistance) to the Si during sintering and they also prevent blistering of the fired 
silver lines. 
 The rhoelogical behavior of the thick-film paste depends on its composition and 
the nature of the ingredients. The screen-printing process requires that the printed paste 
be in a certain range of viscosity.  This is determined by the rheological properties of the 
paste like the inorganic powders (e.g., Ag powder) in the paste.  Most paste formulations 
generally involve more than one type of solid powder with different characteristics, such 
as size, distribution, and surface area. For a dilute dispersion of solid particulates, the 
viscosity of the suspension increases linearly with solid phase volume fraction according 
to the following Einstein relationship [58]: 








where νs is the suspension viscosity, νo is the viscosity of the suspending medium 
(solution), and φ is the volume fraction of particles. At high particle concentrations, the 
viscosity of the suspension increases more rapidly than predicted by the above equation 
because of inter-particle interactions. As the fractional volume of solids is further 
increased, a point will come when flow will not occur, where viscosity approaches 
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infinity. This is called the maximum packing fraction φm, which depends on particle 
shape, size, distribution, etc… [58]. 
 The composition of the paste needs to be sufficiently dense to produce continuous 
lines during printing.  Moreover, to be able to produce continuous lines, the viscosity of 
the paste must be sufficiently low during printing.  This is to ensure that the paste is 
properly transferred onto the substrate through the screen openings.  The paste must 
therefore have a pseudoplastic behavior, i.e., the viscosity should decrease with an 
increasing shear stress. It must also be thixotropic, meaning that it should maintain its 
low viscosity for a given time.   
 
3.1.3.2 The Fabrication of the Screen 
The screen design is important for achieving the desired metal thickness and 
resolution. Therefore, it is useful to understand what is involved in making a screen.  
First, the screen used for printing is fabricated by stretching a stainless steel wire mesh 
cloth across the screen frame.  The frame is normally made from aluminum and can vary 
in size (12 in. x 12 in., 8 in. x 10 in., or others). The mesh is attached and kept at high 
tension (Fig. 3.2).  Then an organic light-sensitive emulsion layer is spread over the 
entire mesh filling all the open areas.  The emulsion is basically an organic material that 
acts as a gasket between the screen and substrate. The emulsion is also used to define the 
printing pattern.  First, a uniform photo-resist layer is deposited on the substrate side and 
pressed into the wire gauze.  A positive transparency (metal pattern is black) is laid on 
the emulsion layer and illuminated with a powerful UV lamp.  The exposed areas become 
hard and the grid pattern is washed away.  Next, the area to be screen printed is patterned 
on the screen.  The emulsion thickness is an important factor in improving the height of 
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the metal fingers.  The minimum emulsion thickness required is about 8 µm [59]. The 
maximum amount of paste that can be deposited on the wafer depends on the volume 
between the wire gauze of the mesh and the volume in the emulsion layer.  By using 
thinner wires or increasing the wire separation, the deposited metal paste uniformity can 
be improved and also the paste can have a better chance of being released from the screen 
more easily.  However, the strength of the wire gauze decreases and significantly reduces 
the lifetime of the screen and maximum squeegee pressure that can be applied.  
Figure 3.2. Emulsion and mesh (360) for a fine-line (2-mil line) screen. 
 
The mesh weaves are normally standard counts of 290, 325, 400, and 500 wires 
per inch, the wire diameter ranges between 0.7-0.9 mils, and the mesh angle for the front 
Ag line printing is 22.5° for higher resolution, while that for the full Al back is 45° [60]. 
The mesh counts and wire types are used to allow different combinations of appropriate 
opening areas for paste flow, to minimize printed line width, and screen cost if possible. 




3.1.3.3 The Screen Printing Process  
During the actual printing a squeegee moves the paste across the screen.  This 
action causes a decrease in the viscosity of the paste, which in turn allows the paste to 
pass through the patterned areas onto the substrate. As the squeegee passes, the screen 
peels off and the paste viscosity returns back to normal.  Factors that affect the screen 
peel are the paste viscosity, the area of the print, the tension of the screen, the squeegee 
speed, and snap-off distance of the screen. 
After the completion of the printing by the squeegee, the viscosity must increase 
so that minimal flow occurs when the emulsion gasket is removed [59].  The pastes used 
in solar cell screen printing are of pseudoplastic rheology; thus, low viscosity is produced 
under high shear and high viscosity elsewhere.  High shear rates are obtained by printing 
the paste at ≥25 cm/s (10 in/s) while using a high mesh count [59].  Figure 3.3 shows the 
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Figure 3.3. Pseudoplastic rheology of the paste [59]. 
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The most important parameters that need to be set during the printing process include the 
following: 
1 - the snap-off distance, 
2 - the squeegee pressure, 
3 - the squeegee speed. 
The snap-off distance determines the upward movement of the screen when the 
squeegee passes by.  The force exerted as a result of this motion lowers the viscosity of 
the paste and allows it to release from the wire gauze.   If the snap-off distance is too 
small, the paste will not be released from the screen. On the other hand, if it is too large 
the squeegee pressure required to push the screen downward to the wafer must be 
excessively high; this would decrease the tension of the screen and hence its lifetime. 
The squeegee is basically rubber (polyurethane) that normally has a square cross-
section and is mounted on a 45° angle so that the sharp edge touches the screen (Fig. 3.1).  
The squeegee and the screen must be mounted parallel to the wafer.  The squeegee should 
not be too soft or too hard.  If it is too soft it follows the shape of the screen exactly and 
would then push the paste out of the fingers.  If the squeegee is too hard, it would not 
accommodate the roughness of the wafer and the paste would not be supplied uniformly, 
or even worse, the wafer might break during the printing process.  The squeegee speed 
determines the amount of paste being deposited.  The squeegee speed that can be applied 
depends on the thixotropic behavior of the metal paste and also determines the amount of 
paste that can be deposited.  If the speed is too high, the paste has little time to fill the 
openings in the screen and can therefore cause discontinuous printing of the lines because 
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of the short release time from the screen.  At very high velocities ~25 cm/s, the viscosity 
of the paste decreases greatly and it becomes easy to fill the openings [61].   
The squeegee must apply a downward force to make up for the snap-off distance 
and push the paste through the openings. The squeegee pressure needs to be increased for 
thicker emulsion layers.  The squeegee pressure must not be too high, as this could cause 
the paste to be removed from the screen openings, the emulsion layer to become 
compressed, and the screen lifetime to be reduced; also, the wafer can break.  On the 
other hand, if the squeegee pressure is too low, the paste might not be released through 
the screen holes consistently and it might dry there, causing clogging during printing.  
The screen would then need to be cleaned and the printing process would need to start all 
over again, which is not desirable for high-throughput screen-printing industrial 
processes. 
 
3.1.3.4 High-Resolution Screen Printing 
This subsection describes the effects of the different elements involved in the 
screen-printing process to obtain high-resolution printing. These elements include screen 
type, the wire diameter, the deposited thick-film composition, the emulsion thickness 
(emulsion gasketing), and the printing dynamics.  Fine-line resolution is achievable by 
optimizing and combining the effects of the different elements involved in the screen-
printing process.  Fine-line screen-printing techniques have been described in a concise 
technical paper [59].  
When optimizing the printing resolution, the first element to consider is the 
screen, which needs to be imaged to the required printing pattern and resolution.  The 
screen mesh count and wire size should be determined.  The mesh count and the wire 
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diameter set a limit to the print resolution regardless of the paste rheology or the printing 
technique.  To achieve high-resolution printing, a smooth emulsion is required.  A 400-
mesh count screen with small diameter wire and thin emulsion thickness will give a 
relatively lower printed paste thickness.  Fine lines of 50, 75, 100, and 125 µm in width 
can be obtained using a 400-mesh screen with 0.75 mil wire diameter and 0.4 mil 
emulsion thickness.   
For the best line resolution, the hydraulic pressure should be concentrated at the 
point after the emulsion is in contact with the substrate. There are several ways to bring 
the hydraulic pressure closer to the squeegee tip.  These methods include  
 1-  lowering the viscosity of the paste, 
  2- printing at the maximum printing speed using a high mesh count screen, 
  3- limiting the amount of paste in front of the squeegee tip. 
The maximum printing speed is defined as the highest possible speed where the 
screen can still peel with ease.  The line resolution can be significantly increased by 
increasing the printing speed to the maximum possible corresponding to the viscosity of 
the paste.  Choosing a harder squeegee (60-80 Shore) can also help obtain well-defined 
line edges for fine-line printing. 
 
3.1.3.5 The Screen-Printed Paste Firing Process 
Following the printing of the cell, the metal paste is fired.  This is done in a 
radiation lamp-heated belt furnace in an industrial production environment.  The firing is 
basically a three-step process: 
1. Drying: Drying is performed to evaporate all the solvents in the paste, which   
otherwise cause gas bubbles at higher temperatures and result in cracking of the  
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             metallization.  Drying is done at ~150° C. 
       2.  Burn-out: The burn-out process is done at temperatures in the range of 300-400°   
            C to drive out the organic binders.   
       3.  Firing: The firing step is also called the sintering step during which the Ag metal  
            grid adheres to the underlying Si.  Conventional firing is done at temperatures in  
            the range of 700-800° C.  As a rule, it is best to fire fast and hot [28].   
  The profiles of these three steps are described in Figure 3.4.  Cracking in the 
metallization can happen if the outside surface of the paste is dried too fast, forming a 













During the burnout process, sufficient airflow must be present to have complete 

















can diffuse into the junction during firing.  The thermogravimetric analysis (TGA) gives 
the temperature at which all the organic constituents in the paste are burnt out; this 
depends on the type of polymers used.  However, excessive burn-out is not critical and 
should be avoided since gas bubbles can give cracks in the metallization.   
 The firing step is also called the sintering step.  The upward slope of the firing 
profile can be set to 50° C/s, while the downward slope can be set to slower rates to 
obtain better adhesion of the Ag to the Si and prevent detachment as a result of 
differences in the expansion coefficients.  A value of -10° C/s has been deemed the best 
cooling rate in terms of specific contact resistance [62].  The cell stays around 30-60 s at 
a temperature less than 50° C from the peak. Conditions with the high belt loading of 
cells, an insufficient air injection, and rapid firing may produce a net reducing 
atmosphere in the local environment of the thick-film conductor, which is capable of 
converting the lead oxide (and bismuth oxide if present in the glass) contained in the 
glass to metallic lead (and bismuth) [63]. 
During the firing process the silicate glass systems, such as the ones used for solar 
cell thick-film contacts, form a viscous glass at the firing temperature, and a major part of 
densification results from the viscous flow under the pressure caused by the fine pores. In 
other words, vitrification takes place and is responsible for forming a bond for the thick-
film contact. The processes or steps that take place during the firing cycle are shown in 
Figure 3.5. Ag is screen printed on top of the silicon nitride antireflection coating and 
then fired. Between 100-200° C, the solvent evaporates; from 200-400° C the polymer or 
resin burns out; from 400-600° C the glass frit starts to melt and Ag particles start to 
coalesce and sinter; from 600-800° C molten glass with some amount of dissolved Ag 
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etches the silicon nitride antireflection coating and reaches the Si surface where it reacts 
and etches a very thin layer of Si. Ag in the glass then precipitates onto the Si surface in 
the form of crystallites.  
Contact formation can influence series resistance, shunt resistance, and junction 
leakage current, which in turn can degrade the fill factor. Optimizing the firing process 
means finding the temperature profile where Voc is unaffected and a good fill factor 
(≥0.78)  is achieved.  The optimum firing condition depends on the frit composition and 
the emitter profile.  Firing fast and hot generally gives optimum results because the 
impurities do not get a chance to diffuse and the sintering is effective.   The activation 
energy for the impurities to diffuse into the emitter region is generally lower than that 













3.1.3.6 The Glass Frit  in the Thick-Film Paste 
 
Successful thick-film metallization on Si solar cells requires forming a contact 
without penetrating the emitter too deeply; this is largely dependent on the glass frit used 
 Process 
Glass-SiNx/Si reaction










Figure 3.5. Processes occurring during the firing cycle. 
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in the paste. The reactive molten glass frit etches through the antireflection coating 
(ARC) and a very thin silicon surface layer.  Upon cooling, the silicon that has been 
incorporated into the liquid state recrystallizes epitaxially. This recrystallized silicon 
layer under the contacts also influences the final solar cell parameters [57].  The etching 
of the silicon surface by the frit is a function of crystal orientation, firing temperature, 
and the percentage and composition of the glass frit.   
A lower glass frit concentration is recommended in the Ag paste when used on 
multicrystalline Si material.  This is because the glass frit etches grain boundaries more 
rapidly compared with single-crystal material.  Grain boundaries have impurities that 
segregate during high-temperature processing.  Pastes with a high glass frit content 
dissolve much of the Si and preferentially etch grain boundaries and defects, which have 
high impurity concentrations.  These impurities enter the liquid phase and can degrade 
the junction region by causing junction shunting and recombination.  Hence, lower frit 
content is desirable for multicrystalline silicon to reduce this effect.  Also, for lower glass 
frit Ag pastes, higher-temperature firing is recommended to enhance the glass frit etching 
of the silicon.  The etching of the silicon surface by the glass frit can also be controlled 
by the addition of modifiers, which can absorb a fraction of the molten glass, thus 
reducing the amount that is available for surface etching [57].   
The glass frit in the Ag paste is the most important parameter for controlling the 
contact resistance, silicon surface etching, and the overall cell performance. The glass frit 
is required for good electrical and mechanical performance (adhesion and forming a bond 
in the thick-film).  However, the type and amount of glass frit is responsible for open-
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circuit voltage and fill factor degradation at higher paste firing temperatures. If a glass frit 
is too aggressive, molten glass alone can etch 3-4 µm Si [64].   
 The most important characteristic of molten glass is the viscosity. This is 
particularly important for screen-printed contacts, especially its behavior as a function of 
temperature. The viscosity (ν) of glasses decreases rapidly and monotonically from >1022 
poise to ~102 poise with an increase in temperature from 300-1400° C [65].  The 
viscosity-temperature behavior of glasses has an Arrhenius form: 
( ) (3.2)                                                                                                           exp0 RTH∆=νν
 
where ν0 is the pre-exponential constant, R is the gas constant, T the absolute temperature 
(Kelvin scale), and ∆H is the activation energy for viscous flow.  
 When discussing glasses, an important concept is the glass transition temperature 
(Tg), which is the temperature of the intersection between the curve of the glassy state 
and that of the super-cooled liquid (Fig. 3.6(a)) [66]. There are also four important 
viscosity reference temperature points [65]:  
1- The working point temperature: the temperature where the glass viscosity is 104 
poise; 
2- The softening point (Labino softening point): the temperature at a viscosity of 107.6 
poise. At this point the glass starts to flow by its own weight; 
3- The annealing point: the temperature where the glass viscosity is 1013 poise.   
Stresses in the glass are relieved at this point within minutes; 
4- The strain point: the temperature at which the glass viscosity is 1014.5 poise.    
Stresses that form in the glass are relieved at this point within hours. 
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The latter two points are in the lower half of the glass transition range (Fig. 3.6(b)). The 
glass softening point is actually the temperature point where the glass frit flows and 
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Figure 3.6. (a) A schematic of the specific volume-temperature relationship for 
glasses, (b) viscosity ν versus temperature for a silicate glass [65]. 
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3.1.3.7 Sintering of Ag Particles in the Thick-Film Paste 
After printing and drying, the metal particles are in intimate contact.   As the 
temperature increases during the firing cycle, several forces lead to densification and 
compaction. This process is referred to as sintering. During the firing process, the 
changes that occur involve a change in the size and shape of particles or grains, change in 
pore shape, and changes in pore size.  Both the size and shape of the pores change during 
the firing process, the pores becoming spherical in shape and smaller in size as the firing 
continues.  The compact metal powder initially has between 25 and 60% porosity by 
volume [66]. For enhancing properties such as strength and thermal and electrical 
conductivity, it is desirable to eliminate as much porosity as possible.  The fundamental 
sintering process leads to pore shrinkage and elimination (Fig. 3.7). The free-energy 
change that gives rise to densification is the decrease in the surface area and the lowering 








Material transfer is affected by pressure differences and changes in free energy across the 
curved surface. If the particle size or radius of curvature is small, these effects will have a 
significantly high magnitude [66].  










The variables that affect the metal powder sintering are listed below [67]: 
1- Temperature: Since the vapor pressure increases exponentially with temperature, 
the process of vapor phase sintering is strongly temperature dependent. Thus, 
increasing the temperature significantly increases the rate and magnitude of any 
changes occurring. 
2- Particle size: All other factors being equal, a decreasing particle size or radius is a 
strong driving force for sintering, as it increases surface area and surface energy. 
However, it is also important to consider the distribution of powders when 
discussing the particle size effect. Models of sintering assume a homogeneous 
geometry. However, in real powder systems there is a distribution in particle size, 
number of contacts per particle, and contact flattening as a result of compaction. 
Generally, finer particle sizes will show faster neck growth and need less sintering 
time or lower sintering temperature to achieve a similar degree of sintering [68]. 
Larger particles will sinter more slowly and will require higher sintering 
temperatures or longer times. 
3- Time: The degree of sintering increases with the increase in time; however, the 
effect is small compared to that of the temperature effect. 
4- Particle shape, surface area, and topography: Changes that result in greater 
intimate physical contact among particles and increase in internal surface area 
promote sintering. These changes include increased surface roughness and 
decreased sphericity to increase the surface energy.  
5- Particle composition and surfactant treatment: impurities at the metal powder 
surface may either increase or decrease sintering. Oxidation normally decreases 
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surface energy and decreases sintering. Also, variations in the sintering structure 
depend on the surfactant treatment type of the powders [69-72]. 
6- Packing efficiency (green density): The rate of sintering and the magnitude of 
changes resulting from it increase with decreasing packing efficiency because this 
signifies an increasing amount of internal surface area. However, the sintered 
density remains highest for the higher packing efficiency material.  
During the sintering process there is a tendency for material transfer because of 
the differences in the surface curvature and therefore the differences in vapor pressure at 
different parts of the system [66]. Initially the particles are in point contact; however, as 








The relationship for the rate of growth of the bond area between particles is given as 






























Figure 3.8. Initial stages of sintering by evaporation and condensation. 
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where γ is the interfacial or surface free energy, d is the theoretical density, po is the 
vapor pressure, M is the molecular weight of the material, t is the time of sintering,  T is 
the absolute temperature, and R is the gas constant.    
Other than evaporation and condensation, there are several methods by which the 
transport can occur [73]: 
1- Diffusion along the surface from regions of high surface energy to regions of low    
      surface energy; 
2-   Diffusion of atoms via regions of disordered atomic structure such as grain    
       boundaries; 
3-  Material transfer via vacancy diffusion, which involves the movement of vacant     
             atomic sites in the crystal lattice of the metal, and hence the metal atoms diffuse   
             in the opposite direction; 
4- Sintering in the presence of fluid glass frit (Liquid phase): Material transfer takes 
place by solution in high-energy regions followed by precipitation in low- energy 
regions. Another method of material transfer is compound formation and 
decomposition at the particle surface. 
In the absence of the liquid phase, at lower temperature firing transport takes 
place mainly via surface and grain boundary diffusion; however, as the temperature is 
increased, vacancy diffusion becomes the predominant mode [73].  For Si solar cell 
screen-printed contacts, sintering does not take place in the presence of metal particles 
only. The sintering takes place in the presence of a reactive liquid, which is the glass frit. 
Upon firing, the glass frit melts and forms a semi-continuous network of glass/metal 
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composites [73]. For densification to take place rapidly, it is important to have the 
following three conditions [58, 66]: 
1- an appreciable amount of liquid phase, 
2- wetting of the solid by the liquid, 
3- an appreciable solubility of the solid in the liquid. 
The driving force for densification is the capillary pressure of the liquid present between 
the fine solid particles. During this sintering process, the solid phase dissolves in the glass 
and is transported to the low-energy neck region where precipitation of the solid phase 
results in increased grain size and densification. The presence of glass frit has been 
shown to help increase the sintering rates of silver-palladium compositions [73]. 
However, it is important to control the viscosity of the glass frit for optimum 
densification; nevertheless, heating rates, peak firing temperature, and glass compositions 






















3.2 History and Motivation for this Research 
 
This section describes the current understanding of screen-printed (SP) contacts 
for solar cells in four areas: (a) screen-printed contact formation, (b) loss mechanisms 
associated with screen-printed contacts, (c) current transport in screen-printed contacts, 
and (d) rapid thermal firing of screen-printed contacts for solar cells. These areas are 
reviewed with the objective of defining and supporting the research goals outlined in 
Chapter 1. 
 
3.2.1 Loss Mechanisms in Screen-Printed Contacts 
 
The main drawbacks of the screen-printing technology for high-performance solar 
cells are summarized below: 
1- Line width of screen-printed contacts is typically 125-150 µm wide, which 
gives rise to high shading losses. 
2- Fill factors of screen-printed cells are generally low (~0.75) because of the 
higher contact resistance and lower metal conductivity of screen-printed 
contacts. The resistances that can contribute to the fill factor (FF) loss 
mechanisms associated with SP metallization are shown in Figure 3.9. The 
contact resistance and gridline resistivity both depend on the firing cycle and 
the properties of the inorganic constituents of the SP paste. For SP solar cells, 
the source of high series resistance is the Ag thick film/Si contact interface 
[74]. The junction leakage and shunting characteristics depend mainly on the 
emitter profile, firing cycle, and paste constituents.  
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3- An effective emitter surface passivation is practically difficult because a high 
emitter surface concentration is used to obtain reasonable specific contact 
resistance (≤ 3 mΩ-cm2).  This also results in a poor short-wavelength 
response because of the heavy doping effects and increased Auger 
recombination in the heavily doped emitter region. 
 
As a result of the above factors, the efficiency of screen-printed cells is typically 
~2% lower than that of cells with photolithography contacts [75]. Figure 3.10 shows the 
breakdown of these losses, which are divided into three categories: contact quality, short-
wavelength response, and reflectance.  The contact quality is inferior because of the high 
specific contact resistance, lower conductivity of the screen-printed Ag gridline bulk, and 
emitter sheet-resistance loss resulting from the wider grid spacing for the SP contacts.  
The short-wavelength response is low because of the higher front-surface recombination 
velocity and heavy doping effects in the heavily doped emitter compared to the lightly 
doped emitters used for PL cells.  Finally, higher reflectance losses are mainly due to the 
high shading from the wider SP grid.  Laboratory PL cells are also fabricated with a 
double- layer antireflection coating (ARC), typically MgF2/ZnS, which gives about 0.3% 
enhancement in absolute efficiency compared to single-layer silicon nitride coated cell in 
production. Table 3.1 shows a comparison of contact quality and parameters for the PL, 





























Figure 3.10. Loss mechanisms that account for the 2% efficiency difference between 
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The inferior quality of screen-printed contacts compared to buried-contact and 
photolithography contacts provided the motivation to improve the screen-printed contact 
quality and reduce the gap between screen-printed and buried-contact and 
photolithography cells. This is done in this thesis through fundamental and applied 
research involving the understanding of the loss mechanisms, role of paste chemistry, 
firing cycle, and impact of emitter sheet-resistance and doping profile. The next sub-
section illustrates the current understanding of screen-printed contact formation and the 
metallurgical reasons why it may have inferior current transport compared to 
photolithography and buried contacts.  
 
 
3.2.2 Current Understanding of the Contact Formation and Current  
          Transport in the Screen-Printed Contacts 
 
3.2.2.1 Contact Formation Mechanism 
During solar cell processing, a Ag grid is generally screen printed on top of the 
SiNx antireflection coating and fired through the SiNx film onto the emitter surface. The 
contact formation occurs when the screen-printed thick film experiences elevated 
temperatures (>650° C) during the firing process.  Upon heating, the glass frit fluidizes 
and wets the SiNx surface, dissolving the silver and etching the silicon nitride [64, 76].  
The etching of SiNx takes place by a redox reaction, xSi+2MOx,glass  xSiO2+2M [77], 
Table 3.1: Comparison of SP, BC, and PL contacts. 
P a ra m e te r S P  C e ll B C  c e ll P L  c e ll
finger th ic k nes s 14 µm 50 µm 8 µm
finger w idth 100-135 µm 20 µm 20 µm
s pec ific  c ontac t-res is tanc e 0.3-3 mΩ -c m 2 3-6 µΩ -c m 2 0.01 m Ω -c m 2
m eta l res is t ivity 3 µΩ -c m 1.7 µΩ -c m 1.7 µΩ -c m
F ill F ac tor 0.75-0.77 0.78-0.79 0.81-0.82
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where M is the metal in the glass frit.  This behavior has been supported by the presence 
of metal precipitates observed in the glass after firing [78, 79].  Figure 3.11 shows an 
SEM/EDS image demonstrating the presence of lead precipitates in the glass after firing. 
Subsequently, the glass frit also etches or dissolves a small amount of the Si surface. This 
has been demonstrated by Schubert et al. in Fig. 3.12, where significant Si etching was 
observed by a paste which contained only glass frit with no Ag.  Upon cooling, the excess 
Si contained in the glass frit crystallizes epitaxially on the substrate [57]. This mechanism 
is shown in Figure 3.13. However, this model has not been validated experimentally; 
dissolved Si could alternatively become oxidized and precipitate in the glass layer. 
Excess Ag in the molten glass re-crystallizes epitaxially at the Si surface in the shape of 












Figure 3.11. Presence of lead precipitates in 




 A model for contact formation has been proposed in the literature [81]. Five steps 
in Figure 3.14 pictorially summarize this model for the contact formation.  Figure 3.14(a) 
shows that the screen-printed Ag gridline contains the inorganic constituents (Ag 
particles, glass frit, and modifiers).  Figure 3.14(b) shows that, upon heating, the glass frit 





Figure 3.13. Re-crystallization of Si upon cooling. 
Glass layer 
Cross section of 
fired Ag 
gridline Ag grains 
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starts to melt at temperatures >450° C.  The glass frit wets the surface and then starts to 
etch or react with the SiNx layer underneath (Fig. 3.14(c)).  In addition, the Ag particles 
begin to sinter and dissolve in the glass frit.  Once the glass frit etches through the SiNx 
film, it starts to etch or dissolve the Si surface underneath the SiNx at temperatures ~670-
700° C. (Fig. 3.14(d)).  Upon cooling, the excess Si in the glass frit crystallizes 
epitaxially, and some of the dissolved Ag in the frit precipitates as Ag crystallites, which 
get embedded into the Si surface at the Ag-Si interface, forming a direct contact with the 
Si emitter to provide a path or interconnection for current transport [78] (Fig. 3.14(e)).  



























































Sintering and dissolution of Ag in 
the fluidized glass frit 
(c) Etching of SiNx layer by the glass frit and sintering of Ag.  





Figure 7(b). Glass frit starts melting upon heating during the
fi i
(b) Glass frit starts to become fluid upon heating during the 
contact firing process. 






















(d) Etching of the Si emitter by the glass frit. 








Modified glass after firing Ag gridline 
Figure 3.14.  Screen-printed contact formation. 
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High series resistance is often a problem with screen-printed contacts on solar 
cells. This is because glass within the Ag paste flows preferentially toward the Ag-Si 
interface during firing. This creates a glass barrier between the Ag contact and the Si, 
causing it to be a region of high series resistance in the solar cell [82].  The glassy layer is 
very continuous and hence the area fraction where Ag grid directly contacts Si is a very 
small compared to the full area of grid metallization.  Low-resistivity contacts can be 
obtained when the glass does not have sufficient time to flow and collect at the interface 
during a very short infrared (IR) firing cycle.  This would leave a greater number of silver 
particles at the silicon surface across the entire contact.  However, the smaller amount of 
glass at the interface can cause the IR-fired contacts to have adhesion problems. Even 
though these ideas are known, no systematic study has been conducted in the literature 
about controlling or improving the contact interface by tailoring the paste constituents 
and firing cycle. This provided the motivation in this research to study the role of particle 
size and glass transition temperatures in tailoring the thickness of the glass layer and size 
and distribution of Ag crystallites. In addition, special emphasis is placed on rapid 
thermal firing to constrain the flow of the glass layer to obtain thin regions of glass layers 
in between Ag crysallites and the Ag grid to promote tunneling. 
 
3.2.2.2 Current Transport Mechanisms 
Current transport through the SP contacts is very complex and poorly understood 
at this time.  Several models have been proposed regarding the current transport 
mechanism for screen-printed contacts to the Si emitter.  Higher series resistance is 
generally observed for screen-printed contacts compared to evaporated or plated contacts 
for solar cells because glass acts as a resistive barrier between the Ag grid and the Si.   
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Firor et al. in 1982 first proposed that the current transport occurs via direct Ag-Si 
interconnections (Fig. 3.15(a)) [82]. However, in 1983 Nakajima et al. observed that 
annealing of the fired screen-printed contacts in hydrogen reduced the contact resistance 
of the solar cell [83].  He therefore proposed that the current transport occurs not by 
direct connection but via tunneling through the fired glass layer between the Ag bulk 






















(a) Current transports via direct connection to the bulk of the 
gridline. 
Glass layer 












It has been recently shown by transmission electron microscopy that the Si-Ag 
interface of a fired commercial Ag paste is composed of 200-500 nm-diameter Ag 
crystallites penetrating the Si by up to 130 nm [80].  These crystallites are surrounded by 
a quasi-continuous layer of modified glass. A transfer of Ag through a glassy interface 
has been reported by Schubert et al. [79]. Using conductive cross-sectional atomic-force 
microscopy (AFM), the contact resistivity between the Ag crystallites and the Si emitter 
was measured to be ~2×10-7 Ω-cm2 on average, which is low compared to the typical 
macroscopic value of contact resistance of 10-3 Ω-cm2 for the whole contact [78].  The 
interface crystallites are covered by several tens of nanometers of glass frit.  This glass 
frit layer (lead borosilicate glass) has resistivities higher than 109 Ω-cm, which is too high 
for any conduction through the glass to take place.  Thus, he proposed that only a limited 
fraction of the interface crystallites contributes to the current flow out of the emitter.  The 
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(b) Current transport via tunneling through the glassy layer. 
Figure 3.15. Current transport mechanism in screen-printed contacts. 
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metal silicon contact or (2) through ultra-thin regions of a glassy layer via tunneling, with 
the latter being the more likely situation. Figure 3.16 shows an SEM image of an actual 
screen-printed and fired Ag contact with glass frit.  The glass frit covers a large area at 
the Ag-Si interface and around the Ag crystallites.  Figure 3.17 shows a TEM image of 
actual screen-printed and fired Ag contact with glass frit.  The glass frit covers a large 
area at the Ag-Si interface, and around the Ag grains and metal precipitates are observed 
in the glass.  A schematic of the cross-section of the fired screen-printed contact is shown 
in Figure 3.18 along with the possible current transport mechanisms. There is still a 
considerable lack of understanding of the contact mechanism and current flow in the 
screen-printed contacts. This provided the motivation to study and correlate the contact 
interface structure to contact resistance and electrical properties of the contact. In this 
thesis, the contact interface was varied by altering the paste chemistry and firing 
conditions, and physical and electrical properties were correlated by a combination of 




















3.2.3 Rapid Thermal Processing of Screen-Printed Si Solar Cells 
 
Rapid thermal processing (RTP) is used extensively in the microelectronics 
industry to minimize the thermal budget that a wafer experiences during processing.  RTP 
is also used in this research in conjunction with screen-printed contacts.  In RTP, 
processing times are kept very short, and extremely steep temperature ramps are used to 
avoid unwanted diffusion or oxidation.  RTP processing has been investigated in the past 
few years for Si solar cells.  RTP has been successfully demonstrated for industrial-sized 
Ag gridline bulk
Glass frit 
Figure 3.17. TEM cross-section image of the screen-printed contact interface: A, 
B, and C are regions of re-grown Ag crystallites [80]. 
Metal and Si precipitates 
Glass layer 
Si Ag crystallites Tunneling 
through ultra-
thin glass region 
Tunneling via hopping via 
metal granules 
precipitated in the  
glass 
Figure 3.18. Fired screen-printed contact cross-section interface structure 






Si solar cells along with screen-printed metallization.  A simple process involving rapid-
thermal diffusion and oxidation (each <1 min long) with screen-printed front and rear 
contacts fired in an RTP furnace resulted in 16% efficient 100 cm2 Cz-Si cells [84].  
Large-area RTP cells with efficiency of 15.6% have been made on multicrystalline Si 
(mc-Si) [85]. Screen-printed contacts require deeper emitters (>0.3 µm) than laboratory 
RTP solar cells to prevent shunting and a high surface concentration of P (>1020 cm-3) to 
achieve low contact resistance. A throughput of >1,200 wafers/hr is required for all 
processing steps to meet production line requirements, and hence conventional RTP 
systems that are designed for single-wafer processing will not meet these requirements.  
Therefore, continuous RTP systems or belt furnaces have to be designed for the industrial 
production of Si solar cells.  Some manufacturers are currently attempting that [86]. 
Figure 3.19 illustrates a conventional belt-line furnace. A novel open quartz diffusion 
system, which combines the advantages of continuous processing of a belt furnace and 








It has been shown that fast ramp-up rates (≥50 °C/s) in RTP produce a good 
quality, uniform screen-printed Al back-surface field (BSF) [88, 89].  Rapid thermal 
Near IR Heating Lamps
Z1 Z2 Z3
Figure 3.19. Belt-furnace processing.
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processing has also been shown to be effective in lifetime and cell efficiency 
enhancement in low-cost materials because the rapid firing and fast cooling rates enhance 
the SiNx induced hydrogen passivation of defects [90]. 
 This provided the motivation to explore screen-printed contacts formed by rapid 
belt speeds in conventional belt furnaces. A systematic study is conducted to see how the 
belt speed influences not only the contact quality, but also the contact interface structure, 
including the glass layer thickness, Ag crystallite size and shape, etc. 
 
3.2.4  Screen-Printed Selective-Emitter Cells and Technologies 
 Figure 1.5 in Chapter 1 showed that a 0.7% loss in absolute efficiency can be 
eliminated by using high sheet-resistance emitters (100 Ω/sq instead of 45 Ω/sq) because 
of the removal of heavy doping effects in the emitter and improved front-surface 
recombination technology. This can be done either by making selective emitters or by 
forming direct screen-printed contacts to the high sheet-resistance emitter. 
 
3.2.4.1    Selective-Emitter Cells Fabricated by Masking and Etching 
A selective emitter involves two different doping levels, with higher doping (≤40 
Ω/sq) underneath the grid to achieve good ohmic contact and low doping between the 
grid to minimize the heavy doping effect in the emitter. Many different attempts have 
been made to fabricate selective-emitter solar cells using industrial processes and 
materials.  One technique involves the fabrication of a selective emitter on low-cost 
polycrystalline silicon by applying a wet etch-back of a heavily doped emitter in the cell 
area between the gridline fingers.  A screen-printed polymeric paste protects the metal 
fingers during etch-back.  The advantages of this process include the use of a full screen-
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printing technology, phosphorus gettering, and self-alignment.  It has been shown that 
this process can provide improvements of 17 mV in Voc, 1.5 mA/cm2 in Jsc and 1% 
absolute in efficiency [91].  Another selective-emitter process involves a screen-printed 
mask after a deep diffusion step (16 Ω/sq), followed by surface texturing combined with 
etch-back of the emitter [92].  The mask is then removed and a second shallow diffusion 
is formed (80 Ω/sq) by screen-printing phosphorus paste.  This is followed by surface 
oxidation for passivation purposes, ARC deposition, and metal gridline printing and 
firing.  It is crucial to align the front gridline pattern to the area with the deep emitter 
without surface texturing.  This is achieved with a screen printer with optical alignment.  
Using a similar principle, another selective-emitter process with a plasma-etch-back 
technique was developed.  In this case, standard commercial screen-printed gridlines are 
used as a mask for the plasma etch-back of the emitter [93].  A PECVD Si3N4 layer is 
subsequently deposited for AR coating and good surface and bulk passivation. This 
process was applied on mc-Si material and a 5% absolute increase in cell efficiency was 
reported.  Similarly, selective-emitter cells have been fabricated on multicrystalline Si 
using the front metal contacts themselves as masks during hydrogen plasma etches [94].  
The plasma also provides diffusion of hydrogen (hydrogenation) while etching, which 
increases bulk lifetime.  
 
3.2.4.2 Selective-Emitter Cells Fabricated using Self Alignment without  
            Masking and Etching 
 
In 1997, for the first time, a process was introduced that could form the selective 
emitter with only one diffusion step and without additional etching or masking steps [95].  
This process involves the selective printing of a phosphorus paste as the front gridline 
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pattern followed by the diffusion process.  During the diffusion the P heavily dopes the 
printed regions, while a shallow high sheet-resistance emitter is formed between the 
gridlines via auto-doping of the P atoms that are present in the surrounding gas 
atmosphere as a result of the printed P grid (Fig. 3.20).  An ARC layer is deposited (Si3N4 
or TiO2) next.  Finally, the front-contact metallization is aligned to the P printed pattern 
and the front and back contacts are co-fired through the dielectric layer.  A similar 
process has been used to realize selective-emitter structures by selective diffusion from a 
SP P-dopant paste fired in an RTP system [96]. 
The above processes are time consuming and require several steps or the use of 
alignment to form the selective emitter.  This emphasizes the need to investigate novel 
techniques for fabricating selective emitter structures or to find ways to make good ohmic 
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Figure 3.20. Screen-printed selective-emitter cells using alignment. 
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3.2.4.3 Selective-Emitter Cells Fabricated using Self-Aligned Self- 
            Doping Ag Paste 
 
This technique involves silver that is coated with a layer of dopant and alloyed 
with silicon.  Hence, using this technique, the underlying Si is doped and a low-resistance 
ohmic contact is formed simultaneously [97].  This concept has been verified by using 
evaporated Ag with commercially available phosphorus and boron liquid dopants.  It was 
found that the processing temperature should exceed the Ag-Si eutectic temperature of 
835° C.  This contact system was also implemented using fritless screen-printing Ag 
paste with self-doping P.  It is also possible using a Ag paste with integral P and with a 
frit to punch through the SiN ARC in a belt furnace to contact n+ layers of up to 100 
Ω/sq.  Such a contact system is applicable to conventional cell structures like selective 
emitters and to more complex structures such as interdigitated-back-contact solar cells 
[98]. 
 As reported in [17] there are two possible routes to achieve good-quality ohmic 
contacts on lightly doped emitters.  First is through self-doping techniques [99] and the 
second is via optimization of the Ag paste and firing to achieve good ohmic contact 
directly to a 100 Ω/sq emitter. Since the diffusivity of Ag [100] is greater than that of P 
[101], the self-doping technique like the one discussed in this subsection involves the risk 
of junction shunting or introducing an excessive amount of Ag into the emitter region for 
a longer firing time, which could degrade the open-circuit voltage.  Initially the path 
taken for this thesis research was to employ self-doping pastes; however, it was found 
that the performance of the p-type FZ cells was limited to 75-80 Ω/sq emitters with low 
fill factors of ≤0.765. This motivated the research task in this thesis involving the 
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optimization of firing as well as Ag paste inorganic constituents to achieve good screen-
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This section involves computer modeling and quantitative investigation of the 
criteria for cell design to maximize the effectiveness of the high sheet-resistance emitter 
in improving cell performance. This is because bulk lifetime, base resistivity, and front 
and back-surface recombination velocities can influence the relative improvement from 
incorporating the high sheet-resistance emitter. If the cell design is not appropriate, the 
high sheet-resistance emitter can actually degrade cell efficiency. Therefore, it is 
important to know the cell design criteria before implementing the high sheet-resistance 
emitter for performance enhancement. The PC1D device-modeling program [102] is used 
to calculate the performance enhancement from the high sheet-resistance emitter for 
various cell designs. Table 4.1 shows the key material and device inputs used in the 
PC1D for these calculations. It is important to note that PC1D is a one-dimensional 
model; therefore, it can only be used to model the emitter with homogeneous sheet-
resistance with a constant FSRV. A low minority-carrier lifetime of 30 µs, as opposed to 
>100 µs, was intentionally used in these initial calculations to assess the potential for 




Modeled efficiencies are therefore lower than what they would be for a high-quality 
single-crystal FZ Si cell where minority-carrier bulk lifetime is generally in excess of 200 
µs.  In the simulations, the contact quality is assumed to be the same for both high (~100 
Ω/sq) and low (40-45 Ω/sq) sheet-resistance emitters, i.e., the series resistance (Rs), shunt 
resistance (Rsh), and junction leakage current (Jo2) are assumed to be the same for both 












4.2 Device Modeling Results 
4.2.1 Effect of Base Resistivity on Performance Enhancement Resulting  
         from the High Sheet-Resistance Emitter 
 
          The model calculations in Figure 4.1 show the improvements in Voc and in the 
short-circuit current (Jsc) from the lightly doped emitter, relative to a conventional 40 
Ω/sq emitter cell, as a function of base resistivity.  Absolute efficiency for the 110 Ω/sq 
Device Parameter PC1D Input 
Thickness 300 µm 
Resistivity  1.3 Ω-cm 




200 000 cm/s 
 
 




Series Resistance 0.6 Ω-cm2 
Shunt Resistance  3333 Ω-cm2 
J02 5 nA/cm2 
n2 2.1 
Front Surface Reflectance  Single Layer ARC: t = 790 Å, 
n = 2.0 
Grid Shadowing 5% 
Texturing None 
Rear Internal Reflectance   45 %  
Diffuse 
Lifetime (τ) 30 µs 
 




emitter cell as a function of base resistivity is also shown. Lifetime is assumed to be 
independent of resistivity in these calculations. It is important to note that in these 
calculations, the back-surface recombination velocity (BSRV) was reduced appropriately 
for the higher resistivity Si because of the increase in the doping step height (NA+/NA) of 
the high-low junction.  Figure 4.2 shows that for a 30 µs lifetime and 1.3 Ω-cm resistivity 
material, used in most current industrial cells, a high sheet-resistance emitter of 110 Ω/sq 
can produce ~0.7% increase in absolute efficiency.  A high sheet-resistance emitter (110 
Ω/sq instead of 40 Ω/sq) increases the cell efficiency from 15.8% to 16.5% for cell 
design inputs shown in Table 4.1. Figure 4.3 indicates that the modeled internal quantum-
efficiency (IQE) shows an appreciable enhancement in the short-wavelength response, 
which also supports the expected increase in the short-circuit current (∆Jsc) from the high 
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Figure 4.1. The absolute efficiency of a high sheet-resistance emitter solar cell 
and the change in open-circuit voltage and short-circuit current (relative to a 40 




Figure 4.2 shows that for base resistivities of less than 1 Ω-cm, the improvement 
in efficiency (∆η) resulting from the high sheet-resistance emitter is very rapid.  For 
resistivities between 1 Ω-cm and 10 Ω-cm, there is almost a linear improvement in 
efficiency with the decrease in resistivity.  However, for resistivities greater than 10 Ω-



















Figure 4.2. Improvement in cell efficiency resulting from the high 
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improvement in Jsc due to the 
improved blue response





The efficiency enhancement starts to saturate starting at lower base resistivities (6 Ω-cm) 
for the higher bulk lifetime case.  This is because the effect of the base recombination 
starts to become more dominant for higher minority-carrier diffusion lengths, where 
minority carriers become more sensitive to the recombination in the base. The emitter and 
base saturation current densities (Joe and Job, respectively) in Figure 4.4 reveal that above 
10 Ω-cm resistivity, Jo (=Joe+Job) is dominated by Job, which is the same for both high and 
low sheet-resistance emitters cells.  Therefore, Jo, Voc, and efficiency do not change with 
base resistivity, and the efficiency enhancement becomes saturated and limited only by 
the increase in short-circuit current (Jsc) due to the reduced Auger recombination in the 
emitter.  
Model calculations were extended further to extract the emitter and base 
component of the saturation current density, i.e., Joe and Job.  Figure 4.4 shows that above 
10 Ω-cm resistivity, Job is much greater than the Joe of the high and low sheet-resistance 
emitter.  Therefore, the open-circuit voltages of both cells are virtually identical. As we 
lower the base resistivity below 10 Ω-cm, Job decreases.  Since the Joe of the 40 Ω/sq 
emitter cell is higher than that of the 110 Ω/sq emitter cell and is not negligible relative to 
the Job, Jo = Joe + Job of the conventional cells becomes higher, while the Jo of the high 
sheet-resistance-emitter cell remains ≈Job. As a result, the efficiency enhancement 
resulting from the high sheet-resistance emitter rises as we decrease the resistivity below 
10 Ωcm (Fig. 4.2).  It should be noted that the bulk lifetime was maintained at 30 µs for 




















4.2.2 Effect of Front-Surface Passivation on Performance Enhancement  
         Resulting from the High Sheet-Resistance Emitter 
 
The model calculations in Figure 4.5 show that the front-surface recombination 
velocity (FSRV) is also very critical in realizing the full benefit of the high sheet-
resistance emitter.  In these calculations, bulk lifetime, BSRV, and base resistivity were 
fixed at 30 µs, 1,000 cm/s, and 1.3 Ω-cm, respectively. The FSRV of the conventional 
cell was fixed at 200,000 cm/s, while the FSRV for the 110 Ω/sq emitter cell was varied 
from 103-106 cm/s.  The calculations indicate that for an FSRV greater than 
120,000 cm/s, the high sheet-resistance emitter actually under performs the conventional 









































Joe for a 110 ohm/sq emitter
Joe for a conventional 40 ohm/sq. emitter
Job
Voc for a 110 ohm/sq emitter
Voc for a conventional emitter 40 ohm/sq.
Figure 4.4. Plots of the leakage currents (Joe and Job) and open-circuit 




FSRV lowers the Voc and Jsc.  However, if the FSRV of the 110 Ω/sq emitter can be 
lowered to 10,000 cm/s, the role reverses and the 110 Ω/sq emitter increases the 
performance by 0.60% absolute.  The crossover point is a function of the FSRV selected 
for the conventional 40 Ω/sq emitter (2×105 cm/s used in these calculations).  If the 
FSRV value for 40 Ω/sq emitter is increased from 200,000 cm/s to 500,000 cm/s, the 
curve becomes almost asymptotic with the FSRV axis, with the crossover point 
approaching 106 cm/s.  The FSRV value for the 40 Ω/sq emitter was fixed at 200,000 
cm/s in these calculations, while the FSRV for the 110 Ω/sq emitter was varied because 
heavily doped emitters are less sensitive to the front-surface passivation [103].  The 
FSRV of 200,000 cm/s also represents typical passivation for conventional screen-printed 
SiNx-coated 40 Ω/sq emitter cells. Model calculations also showed that the improvement 
in efficiency from the high sheet-resistance emitter for a FSRV<120,000 cm/s results 
from (1) the improvement in Voc because of a lower Joe, and (2) higher Jsc because of 

























































Figure 4.5.  Improvement in efficiency of the high sheet-resistance emitter cell 
relative to the 40 Ω/sq conventional emitter cell as a function of FSRV.  The 
FSRV of the conventional emitter cell was fixed at 200,000 cm/s.   
 Figure 4.6. Improvement in Voc and Jsc of the high sheet-resistance emitter cell, relative  
  to the 40 Ω/sq conventional emitter cell as a function of FSRV. The FSRV of the    
































4.2.3 Effect of the Bulk Lifetime and Back-Surface Recombination  
         Velocity on the Performance Enhancement Resulting from the    
         High Sheet-Resistance Emitter 
 
      The model calculations in Figure 4.7 show the efficiency resulting from a high 
sheet-resistance emitter (compared to a conventional 40 Ω/sq-emitter cell) as a function 
of back-surface recombination velocity (BSRV) and bulk lifetime.  It is clear that a lower 
BSRV of 600 cm/s compared to 15,000 cm/s, provides a much greater enhancement in 
efficiency because of the high sheet-resistance emitter.  This is attributed to the lower Job, 
resulting from the lower BSRV, which amplifies the significance of Joe.  The cell 
becomes limited by Joe rather than Job for a low BSRV of 600 cm/s.  Thus, a lower BSRV 
cell shows a more pronounced improvement in efficiency resulting from the lightly doped 
high sheet-resistance emitter, which has a lower Joe.  Figure 4.7 also shows that the use of 
high lifetime FZ Si with lifetime greater than 150 µs and good BSF can enhance the 
benefit of the high sheet-resistance emitter.  This is because for a minority-carrier 
diffusion length greater than the substrate thickness, the back-surface recombination 
velocity (BSRV) becomes more significant.  Thus, if the BSRV is low, the improvement 
in Voc and in cell efficiency resulting from the high sheet-resistance emitter increases 
with higher minority-carrier lifetime.  However, if the BSRV is high, the improved 
minority-carrier lifetime would not show much improvement in Voc and cell efficiency.  
 Based on the above calculations and analysis, in this thesis low resistivity (0.6 Ω-
cm) high bulk lifetime FZ Si was used with a full back screen-printed Al BSF, which 





























4.2.4 Guidelines for Achieving High-Quality Contacts on High Sheet- 
         Resistance Emitters 
 
      To achieve high fill factors on high sheet-resistance emitters, certain requirements 
for the contact parameters have to be satisfied.  Since junction leakage current (Jo2) and 
the series (Rs) and shunt (Rsh) resistances control the fill factor (FF) of a solar cell,  PC1D 
device modeling calculations were performed to determine the requirements of these 
contact parameters to achieve FFs in excess of 0.78. Figures 4.8 and 4.9 show that for a 
Jo2≅10 nA/cm2, Rs should be less than 0.8 Ω-cm2 (Fig. 4.8) and Rsh should be greater than 
2,000 Ω-cm2 (Fig. 4.9) to achieve FFs of >0.78.  The series resistance of a screen-printed 
Si solar cell is often dictated by the front-contact resistance [82] for screen-printed cells.  
Thus, the effect of the specific contact resistance on the loss in FF was also calculated 











Figure 4.7.  Improvement in efficiency as a function of lifetime resulting 
from a 110 Ω/sq emitter (compared to a conventional 40 Ω/sq emitter cell) 




The derivation and calculation for the specific contact resistance induced loss in FF is 
given in Appendix C.1. 
   Calculations in Figure 4.10, reveal that the specific contact resistance needs to be 
below 3 mΩ-cm2 to avoid any appreciable loss in FF.  A specific contact resistance 



















































      















    Model calculations were performed in this chapter to provide guidelines for 
achieving maximum benefit from the high sheet-resistance emitter. In addition, 
requirements for contact parameters were established for achieving FFs in excess of 0.78. 
These calculations and guidelines are used to design the experiments in the following 
chapters. Model calculations revealed that the front-surface recombination velocity 
should be <104 cm/s to realize the full benefit of high sheet-resistance emitter cells. In 
addition, lower base resistivity as well as a lower BSRV help the enhancement in 
absolute cell efficiency resulting from the high sheet-resistance emitter. Similarly, a 
higher bulk lifetime also helps the enhancement in Voc and efficiency as a result of the 
high sheet-resistance emitter.  This is because these changes make the cell performance 
more dependent on the emitter rather than on the base saturation current. The model 
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Figure 4.10. The effect of specific contact resistance on 




0.6 Ω-cm, lower the FSRV to <10,000 cm/s, and lower the BSRV to 600 cm/s, a high 
sheet-resistance (~110 Ω/sq) emitter on a 30 µs lifetime material can improve the 
absolute efficiency by 0.7%. Detailed analysis showed that the performance enhancement 
due to high sheet-resistance emitter cells decreases with the increase in front-surface 
recombination velocity and if it is too high, it could actually degrade cell performance.  
Model calculations showed that to achieve fill factors greater than 0.78 on the high sheet-
resistance emitter, the series resistance needs to be ≤0.8 Ω-cm2, the shunt resistance 
>2,000 Ω-cm2, the junction leakage current ~10 nA/cm2, and the specific contact 











DEVELOPMENT OF SCREEN-PRINTED 
SILICON SOLAR CELLS WITH HIGH FILL 
FACTORS ON 100 Ω/SQ EMITTERS 
 
5.1  Introduction 
Good-quality front contacts are critical for achieving high-efficiency screen-
printed solar cells.  As described in Section 3.1, photolithography and buried-contact 
technologies are known to give excellent contact quality, but they are time consuming 
and expensive compared to screen printing, which is simple, rapid, and cost effective. In 
addition, screen-printing technology is widely used for commercial silicon solar cell 
production [105].  However, currently, high throughput is realized at the expense of fill 
factor and cell performance.  In addition, commercial screen-printed cells are fabricated 
on 35-50 Ω/sq emitters because it is difficult to achieve good screen-printed ohmic 
contacts on high sheet-resistance emitters.  The model calculations in Chapter 4 also 
showed that a lightly doped emitter with appropriate cell design and good surface 
passivation can improve cell efficiency significantly (~0.7%). 
The model calculations in the previous chapter showed appreciable performance 
enhancement from the high sheet-resistance emitter because reasonably good contact 
parameters (Rs, Rsh, and Jo2) were assumed. However, contacting the high sheet-
resistance (~100 Ω/sq) emitter is a major challenge preventing the widespread use of such 
emitters in production today. Even on 30-45 Ω/sq emitters, the fill factors (FFs) are only 
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approximately 0.75 in commercial screen-printed cells because of the high series 
resistance and/or junction shunting.  As illustrated in Section 3.2, high sheet-resistance 
cells can also be made by forming selective emitters. However, these techniques 
generally involve two separate P diffusions, alignment [95], and masking and etching 
steps [93], which make them expensive and time consuming. In this chapter an attempt is 
made to develop a simple and rapid technology to form good-quality screen-printed 
contacts directly on high sheet-resistance shallow emitters using a combination of a 
special commercial Ag paste (PV168 from DuPont) and a novel firing scheme.   Previous 
studies have shown that a reasonably low contact resistance can be attained using the 
DuPont PV168 Ag paste if the firing temperature is kept above the Ag-Si eutectic 
temperature of 835° C [97,99].  Contact resistances of 0.26 mΩ-cm2 and 12 mΩ-cm2 
were previously reported on 73 Ω/sq and 93 Ω/sq emitters [97] using PV168 Ag paste.  
However, these studies involved n-base Si with interdigitated back-contact (IBC) or 
PhosTop cells involving prolonged high-temperature firing [98, 99, 106], which is 
impractical for conventional p-base devices with shallow junctions. 
In this chapter the firing of PV168 through the PECVD silicon nitride (SiNx) 
antireflection (AR) coating is optimized to simultaneously achieve good series resistance, 
blue response, and back-surface field (BSF) for p-base n+-p solar cells.  The study 
combines the PV168 Ag alloying characteristics with a rapid, cost-effective, and 
manufacturable co-firing scheme to achieve high FFs and cell efficiency on 100 Ω/sq 
emitters.  In addition, the effectiveness of the DuPont PV168 Ag paste along with this 
firing scheme is demonstrated by comparing its performance with two other commercial 
Ag pastes. 
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5.2 Experimental Method 
Screen-printed n+-p-p+ solar cells (4 cm2) were fabricated on high-quality single-
crystal FZ Si using different Ag pastes and firing conditions on a 100 Ω/sq emitter as 
well as widely used 45 Ω/sq emitters.  Based on the modeling results and guidelines 
established in the previous chapter, P-type, 300-µm thick (100) float-zone (FZ) substrates 
with a low base resistivity of 0.6 Ω-cm and a high bulk lifetime of >200 µs are used for 
all the experiments in this chapter to maximize the enhancement in absolute cell 
efficiency using a high sheet-resistance emitter.  Silicon wafers were first chemically 
cleaned, followed by POCl3 diffusion to form the n+-emitter.  The diffusion temperature 
used for the 45 Ω/sq emitter was 889° C, while that for the 100 Ω/sq emitter was 857° C.  
All other parameters were kept the same for both diffusions.  After the phosphorus-glass 
removal and another clean, a PECVD SiNx AR coating was deposited on the emitter.  
The optimization study was done for the 100 Ω/sq emitter using a high-frequency (13.56 
MHz) direct PECVD SiNx passivation layer deposited at 300° C.  A low-frequency (50 
KHz) direct PECVD SiNx film deposited at 430° C, which gives superior surface 
passivation, was also used for comparison.  Next, an Al paste was screen printed on the 
back side and dried at 200° C.  The Ag grid was then screen printed on top of the SiNx 
film and Ag and Al contacts were co-fired (single firing step) in a lamp-heated belt 
furnace. The Radiant Technology Corp. model LA-310 belt furnace used in this study has 
three heating zones, with lengths of 7.5, 15, and 7.5 inches, respectively, totaling 30 
inches for all three hot zones.  The cells were then isolated using a dicing saw and 
annealed in forming gas at 400° C for ~15 min. No surface texturing was used for these 
cells.  In addition to the PV168 Ag paste from Dupont, two additional commercial Ag 
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pastes (A and B) were also investigated, which are widely used in production for low 
sheet-resistance emitter cells. All three pastes contain phosphorus dopant.  In addition to 
the 100 Ω/sq emitter cells, conventional cells with a 45 Ω/sq emitter were also fabricated 
using an optimized co-firing scheme for each paste.  To understand and compare the 
quality of contacts for the three different pastes (A, B, and PV168) on the low and high 
sheet-resistance emitters, current voltage (I-V) and internal quantum efficiency (IQE) 
measurements were taken to extract cell parameters and the short- and long-wavelength 
response.  Suns-Voc measurements [29] were used to evaluate the junction leakage 
current (Jo2), which is generally attributed to the recombination centers in the depletion 
region [107]. Jo2 was determined by fixing the second-diode ideality factor (n2) to two.  
Since high-quality monocrystalline FZ Si, which has very few dislocations and 
impurities, was used in this study, the degradation in Jo2 primarily attributed to the 
recombination centers created in the depletion region by the paste and firing conditions.  
SIMS measurements were performed on selected samples to determine the Ag 
and P concentration profiles in the silicon directly underneath the Ag grid using a 
CAMECA IMS-5F ion microscope. The Ag grid was etched in HCl prior to the SIMS 
measurements to prevent any Si etching.  The samples were bombarded with 5.5 KeV 
O2+ primary ions for analysis of Ag, while 14.5 KeV Cs+ primary ions were used for P.  
The primary ion beam was rastered over an area of 150 µm × 150 µm. Positive or 
negative secondary ions were collected from a ~20 µm diameter area in the center of the 
rastered crater for Ag and P, respectively. Spreading resistance measurements were made 
to determine the electrically active P concentration profile in the emitter.  Finally, the 
contact resistance measurements were made using transfer-length method (TLM) patterns 
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[33], which were printed during cell fabrication.  Since screen-printed (SP) contacts are 
not full area metal-Si contacts, the TLM of measurement gives a macroscopic specific 
contact resistance (ρcm) for SP contacts. The actual temperature of the wafer was 
measured as it was fired through the belt by attaching a fast-response K-type 
thermocouple with a closed-end tip loosely touching the surface of the wafer. This is 
because set temperature and sample temperature are quite different in a belt furnace. 
Table 5.1 shows the approximate peak firing temperatures for the corresponding set 
temperature and belt speed for the different firing cycles used in this study.   
Table 5.1: Set temperature, belt speed and the approximate peak temperature experienced 
by the cell. 
Set temperature (°C) Belt speed (ipm) Approximate peak temperature (°C) 
435/585/750°C 15 720 
825/825/825°C 80 750 
850/850/850°C 80 780 
900/900/900°C 80 835 
900/900/900°C 60 850 
900/900/900°C 15 895 
 
 
5.3 Results and Discussion 
5.3.1 Determination of the 45 and 100 Ω/sq Emitter Doping Profiles 
The emitter profile can greatly influence solar cell characteristics such as junction 
shunting, grid contact resistance, and short-wavelength IQE response [104].  For 
example, the specific contact resistance (ρc) and emitter sheet resistance (ρs) are inversely 
proportional to the surface dopant concentration (ND), while for a well-passivated 
surface, Joe and the photo-current loss are directly proportional to ND and the doping 
profile.  The junction depth also influences the junction shunting (Rsh) for screen-printed 
contacts, with a shallow junction being more vulnerable to contact firing-induced 
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degradation. Thus, there are competing factors in designing the emitter region for high-
efficiency cells.  Therefore, to gain a better understanding of the cell performance results, 
emitter-doping profiles were first determined by spreading resistance measurements.  
Figure 24 shows the phosphorus doping profiles for the 100 and 45 Ω/sq emitters formed 
in this study.  The 100 Ω/sq emitter had a surface concentration of ~1.5×1020 cm-3 with a 
junction depth of 0.277 µm, while the 45 Ω/sq emitter had a surface concentration of 
~2.3×1020 cm-3 with a junction depth of 0.495 µm.  With a good surface passivation, the 
100 Ω/sq emitter should lead to higher current because of the thinner heavily doped dead 
layer compared to the 45 Ω/sq emitter (Figure 4.5).  On the other hand, shallow emitters 
are more prone to junction shunting or leakage because of the incorporation of impurities 
from the paste into the junction, especially if the frit in the paste strongly etches the Si 
surface to allow the Ag metal to reach the junction. Junction shunting lowers the open-
circuit voltage (Voc) and the FF of the cell, as shown by the model calculations in the 
previous chapter.   
According to the literature [108, 109], a surface dopant concentration of >1019 
cm-3 is required for an evaporated and full-area ohmic contact to an n-type Si region.  
However, it has been shown by SEM and TEM studies that full-area metal-Si contact is 
not achieved for the screen-printed grid because of the presence of a quasi-continuous 
glass frit layer (Figs 3.16 and 3.17 in Chapter 3). It is conjectured that carriers have to 
tunnel through the glass layer [17, 78, 80].   That is why it is difficult to achieve excellent 
ohmic contacts using screen-printing technology.  Figure 5.1 shows that both the 45 Ω/sq 
and 100 Ω/sq emitters used in this study have high surface concentrations greater than 
1×1020 cm-3.  However, the challenge is to develop an appropriate firing condition that 
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will provide adequate area coverage for the contact points (Ag crystallites) to the 100 
Ω/sq emitter without shunting or degrading the junction.  Therefore, a study was 
conducted to optimize contact firing conditions that can yield good contact quality for 
both 45 and 100 Ω/sq emitters using three different commercial pastes A, B, and PV168. 
These three pastes have been evaluated with the goal of achieving a performance 
enhancement from the 100 Ω/sq emitter over the 45 Ω/sq emitter, in addition to 











Achieving a good ohmic contact between the Ag and the high sheet-resistance Si 
emitter is a challenge because it has a lower P doping (Fig 5.1), resulting in higher 
specific-contact resistance for a tunneling-based carrier transport process described by the 
following equation [110]: 
Figure 5.1 Spreading resistance profiles of POCl3 diffused 100 

























where ND is the doping concentration (≥1019 cm-3), m* is the effective mass of the charge 
carriers, εs is the semiconductor permittivity, ħ is the reduced Planck constant, and φB is 
the Schottky barrier height. The surface doping for both the 45 and 100 Ω/sq emitters 
used in our cell process is greater than 1019 cm-3.  However, the high sheet-resistance 
emitter is shallower (0.277 µm) than the low sheet-resistance emitter (0.495 µm). Hence, 
the challenge is to achieve good ohmic contacts without degrading or shunting the p-n 
junction.  This requires the technology development and optimization of the glass frit, Ag 
powder in the paste, and contact firing, which are described in the following sections.  
 
5.3.2 Optimization of Ag Paste Firing to Achieve Good Contacts on a  
         100 Ω/sq Emitter 
 
5.3.2.1 Effect of Conventional Firing of Commercial Pastes A and B on the  
            Performance of 45 Ω/sq and 100 Ω/sq  Emitter Cells 
 
Before investigating the PV168 paste from Dupont, we studied the two widely 
used commercial Ag pastes, A and B. Both pastes are expected to give good-quality 
contacts to 45 Ω/sq emitters. Complete cells were fabricated and characterized. Light and 
dark I-V and Suns-Voc data is summarized in Table 5.2, which confirms that conventional 
co-firing of pastes A and B at 700-750° C peak temperature gives excellent FFs, 


































Table 5.2: I-V data for cells fabricated with commercial pastes A and B using co-firing 
processes on a low sheet-resistance (45 Ω/sq) emitter. 


























627 32.6 0.785 16.0 1.09 0.64 188,040 0.38 29 
 
Currently, no cell manufacturer uses high sheet-resistance emitters (≥ 60 Ω/sq) 
because it is difficult to achieve good screen-printed ohmic contact using conventional 
Ag pastes. Thus, different firing conditions were used to investigate the performance of 
pastes A and B on the 100 Ω/sq emitter.  To understand the significant difference in 
efficiency and FFs for the two sheet resistances, specific-contact resistance (ρc) 
measurements were taken by the TLM method. It is important to recall that the model 
calculations in Chapter 4 revealed that the specific-contact resistance should be below 3 
mΩ-cm2 to achieve good FFs.  In addition, Jo2 and series resistance (Rs) should be below 
50 nA/cm2 and 1 Ω-cm2, respectively, to achieve FFs≥0.77. It was found that both 
commercial pastes worked well for the 45 Ω/sq emitter, but failed on the 100 Ω/sq 
emitter for various firing schemes (Table 5.3).  This was the result of very high contact 
resistance at lower firing temperatures and high junction-leakage current and lower Voc at 
higher firing temperatures (Table 5.3).  This indicates that the composition of pastes A 
and B is not adequate to make good ohmic contacts to the high sheet-resistance emitter, 
regardless of the firing scheme.  Therefore, as explained in the next section, we acquired 
a less aggressive special paste (PV168) from DuPont that allowed us to go to higher 
firing temperatures without causing junction shunting. 
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Table 5.3: I-V data for cells fabricated with commercial pastes A and B using co-firing 



















































































































































5.3.2.2 Optimization of Firing Conditions for PV168 Ag Paste to Achieve Good  
            Contacts on 100 Ω/sq Emitters 
 
The paste composition and firing cycle can significantly influence series 
resistance, junction leakage, and FF. The previous section showed that the widely used 
commercial pastes failed on the 100 Ω/sq emitter over a wide range of practical firing 
conditions.  Therefore, PV168 paste was used in which the composition, shape, and size 
of the frit and Ag particles were tailored to reduce the etching of Si at high temperatures.  
Exact details about the paste chemistry are proprietary.  The following sections describe 
the understanding and optimization of firing temperature and belt speed that led to the 
firing conditions, which eventually produced for the first time good contacts directly to 
the 100 Ω/sq emitter. 
 First, the effect of firing temperature on FF was examined using a high belt speed 
(≥80 ipm), referred to as spike firing in this thesis. Table 5.4 shows that specific-contact 
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resistance (ρc) decreases with higher firing temperature and reaches ~1 mΩ-cm2 at a set 
temperature of 900° C, resulting in a high FF of 0.775.  Notice that the Voc did not 
degrade even for such a high set temperature.  This is supported by very low junction 
leakage current (Jo2) of 10 nA/cm2.  It is important to realize that the actual sample 
temperature is generally lower than the set temperature (Table 5.1), especially for high 
belt speeds.  Temperature profiling showed that the sample experienced a peak 
temperature in the range of 830-840° C for a few seconds during the spike firing cycle of 
900° C/80 ipm.  
Table 5.4: I-V data for cells fabricated with PV168 Ag paste using co-firing process (80 








































































Since the combination of the set temperature and belt speed dictates the thermal 
budget of the sample, we also examined the role of belt speed on contact formation. 
Table 5.5 shows that increasing the belt speed from 15 to 80 ipm at a fixed set 
temperature of 900° C lowered Jo2 by a factor of 100.  The reduction of Jo2 agreed well 
with the improvement in the FF and Voc, also shown in Table 5.5.  The optimum firing 
condition for the PV168 paste was found to be 80 ipm at 900o C, which gave a FF of 
0.775 and the best cell performance of 16.5% with a Voc of 627 mV. The firing cycle 
optimization was done up to a set temperature of 900° C because of the limitations of the 
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Radiant Technology Corp. model LA-310 belt furnace used in this study, which could not 
maintain set temperatures greater than 900° C for speeds of 80 ipm or higher.   
  Table 5.5: I-V data for cells fabricated with PV168 Ag paste using co-firing process    
  (900°C set temperature) on high sheet-resistance (100 Ω/sq ) emitters for different belt  



















































































5.3.2.3  SIMS Analysis to Understand and Explain the Success of PV168 Ag Paste in   
       Forming Good Ohmic Contact to 100 Ω/sq Emitter 
 
Secondary ion mass spectroscopy (SIMS) was performed to determine the extent of 
Ag migration into Si by obtaining Ag profiles into the Si emitter. The SIMS data in 
Figure 5.2 show that Ag indeed penetrates into Si and could be a problem for junction 
shunting. It was found that slow belt-speed firing (15 ipm) at a set temperature of 900° C 
resulted in a much higher concentration of Ag in the underlying Si, while fast firing (80 
ipm) introduced a much lower amount of Ag at or near the p-n junction.  Recall that 
spreading resistance measurements gave a junction depth of 0.277 µm for the 100 Ω/sq 
emitter (Fig. 5.1).  Ag concentrations at the n+-p junction (0.277 µm) were found to be 
6×1018 cm-3, 2×1017 cm-3, and 2×1016 cm-3 for belt speeds of 15, 60, and 80 ipm, 
respectively.  This indicates that faster firing decreases the Ag concentration near the 
junction edge, which in turn reduces junction leakage current and gives higher Voc.  This 
is consistent with the work of Van Craen et al. [111], who showed that solar cell 












In Section 5.3.2.1 it was shown that pastes A and B did not show a performance 
enhancement with the 100 Ω/sq emitter for various firing conditions. Instead, cell 
performance degraded because of either high contact resistance or excessive junction 
leakage current.  On the other hand, in Section 5.3.2.2 it was demonstrated that the 
PV168 Ag paste is capable of producing high FFs and cell efficiencies on 100 Ω/sq 
emitters, provided spike firing is performed at a high set temperature, resulting in sample 
peak temperatures in the range of 830-840° C for a very short time (a few seconds).  
PV168 is made by DuPont using a proprietary technology involving a somewhat different 
Ag particle morphology, Ag content, and frit composition. The SIMS analysis is 
illustrated in this section to complement cell data to understand and explain why, in 
contrast to PV168 paste, pastes A and B were not able to achieve high FFs on the 100 
Ω/sq emitter.  To improve the understanding further, more cells were fabricated on the 
100 Ω/sq emitter using pastes A, B, and PV168 and the same co-firing condition (900° 
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C/80 ipm).  Table 5.6 shows that the Voc and FF decrease, while Jo2 increases 
monotonically for cells made from pastes PV168, A, and B, respectively. The lowest Jo2 
value of 10 nA/cm2 for the PV168 paste indicates much less junction shunting compared 
to the other two pastes.  This was supported by SIMS analysis showing the Ag 
concentration at the junction edge (Table 5.6) to be 1.24×1016 cm-3, 2.50×1017 cm-3, and 
1.20×1018 cm-3. Thus, the Ag penetration into Si is reduced significantly because of the 
PV168 paste chemistry, permitting high-temperature firing to reduce contact resistance 
without increasing the Jo2 value for the shallow 100 Ω/sq emitter. 
Table 5.6: Correlation of Voc, FF, and Jo2 with Ag concentration at the junction for pastes 
PV168, A, and B using co-firing process (900° C set temperature and 80 ipm belt speed) 






To improve the understanding of the series resistance effect of the three pastes, 
specific-contact resistance measurements were made.  Table 5.6 shows that the 
macroscopic specific-contact resistance for all three pastes was less than 3 mΩ-cm2 on 
the 100 Ω/sq emitter, which is acceptable for screen-printed contacts and should not 
degrade the FF.  For the 100 Ω/sq-emitter cells, PV168 gave the lowest specific-contact 
resistance (1.06 mΩ-cm2), followed by paste A (1.14 mΩ-cm2) and paste B (2.3 mΩ-
cm2).  These results indicate that, contrary to the original concern, the problem with 
conventional pastes A and B is not the contact resistance to the 100 Ω/sq emitter. Instead, 
Paste Voc (mV) FF 
Jo2 
(nA/cm2) 
Ag concentration at 






































when we go to high temperatures (set temp. ~900° C) to achieve reasonable contact 
resistance, the Ag penetration into the junction becomes excessive, which increases the 
Jo2 and lowers the Voc (Table 5.3).  On the other hand, if we stay at lower temperatures 
(set temp.≤ 850° C) to prevent excessive Ag penetration, the contact resistance becomes 
too high and degrades the FF and cell performance as shown in Table 5.3.  The 
composition of PV168 is such that at higher firing temperatures (830-840° C), good 
ohmic contact is achieved, probably because of the larger number and/or size of Ag 
crystallites in contact with the emitter surface.  In addition, the frit content and 
composition are such that PV168 is able to etch through the SiNx AR coating without 
excessive etching of the Si emitter underneath the grid.  In the case of the PV168 paste, 
Ag penetration into Si is somewhat arrested because of the right combination of frit 
content and composition and the Ag particle morphology.  The contact formation 
mechanism [64, 76] for widely used commercial pastes generally involves lower 
temperature firing (700-800° C), heating-induced fluidization of the glass frit, and surface 
wetting, followed by etching of the AR coating and the Si emitter surface.  Higher firing 
temperature results in deeper etching of Si and higher Ag penetration.  It appears that in 
the case of PV168, the etching of Si by the frit is minimal and the contact formation takes 
place via a very thin eutectic region or Ag-Si alloy.   
SIMS measurements were also taken to obtain the phosphorus profiles before and 
after the grid formation and gain a better understanding of the success of PV168 screen-
printed contacts on 100 Ω/sq emitters. Ag metal was etched off prior to the SIMS 
measurements.  For the optimized firing condition of PV168, SIMS measurements 
showed no apparent addition of P from the paste to the original 100 Ω/sq emitter profile 
 119
(Fig. 5.3), even though the paste contains some source of phosphorus.  This indicates that 
the injection of P from the paste did not play a major role in the ohmic-contact formation 
to the 100 Ω/sq emitter. However, to establish this with more certainty we did the contact 
firing on the undiffused wafer; we found that after firing, some additional P does come 
from the paste, but the profile is very shallow, with a surface concentration of only 
~4×1018 cm3, resulting in a sheet resistance of ~5000 Ω/sq. Thus, there is no indication of 
selective-emitter formation. SIMS measurements of the P profiles were taken underneath 
the Ag grid and underneath the silicon nitride coating to get an idea of the extent of Si 
emitter etching during contact formation. The difference between the two profiles shown 
in Figure 5.3 reveals a penetration depth of ~55 nm for the PV168 Ag paste fired at 900° 
C/80 ipm, which could also be a measure of the average penetration depth of the Ag 
crystallites into Si.  This is much less than the average penetration depth of 130 nm for 











Figure 5.3 P emitter 100 Ω/sq profiles underneath the SiNx layer only 




















) P emitter profile underneath theSiNx layer only
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5.3.3 Quantitative Assessment and Enhancement of Si3N4-induced   
         Front- Surface Passivation on 45 and 100 Ω/sq Emitters  
 
5.3.3.1 Internal Quantum Efficiency (IQE) Analysis to Support Current 
Enhancement Due to the High Sheet-Resistance Emitter 
 
In the previous sections, we successfully demonstrated for the first time that 
good-quality screen-printed contacts can be directly achieved on a 100 Ω/sq emitter with 
good ohmic contact, fill factor, and cell efficiency.  Figure 5.4 shows the internal 
quantum efficiency (IQE) plots of a conventional 45 Ω/sq cell fabricated using silver 
paste B (Cell 1), and the 100 Ω/sq emitter cell co-fired using PV168 paste (Cell 2). The 
short-wavelength response of Cell 2 is superior because the 0.277 µm deep lightly doped 
emitter reduces the dead layer thickness, Auger recombination, and the heavy doping 
effects.  The extraction of Jsc via photon flux weighted integration of the IQE curve in 
Figure 5.4 showed that the difference in the short-wavelength response accounts for the 
great majority of the observed 1.3 mA/cm2 improvement in Jsc for the two cells.  There is 
a slight difference in the long-wavelength response in favor of the 100 Ω/sq emitter cell 
fired at higher temperature. Since co-firing is normally performed at lower temperatures, 
around ~750° C, for conventional 45 Ω/sq cells to avoid junction shunting, a slightly 
lower-quality back-surface field (BSF) may result.  This may explain why the long-
wavelength response for Cell 2 is slightly superior to that of Cell 1.  By matching the 
experimental and calculated long-wavelength IQE, using the PC1D model [102], 
effective BSRVs were estimated to be 600 cm/s and 900 cm/s for the co-fired 100 Ω/sq- 
and 45 Ω/sq emitter cells, respectively.  A similar analysis for the short-wavelength 
response gave an effective FSRV of 250,000 cm/s and 450,000 cm/s for the 100 and 45 
Ω/sq emitters, respectively. Thus, co-firing with PV168 Ag paste on the 100 Ω/sq emitter 
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at a set temperature of 900° C with a high belt speed of 80 ipm accomplishes reduced 
FSRV, reduced emitter recombination, an effective BSF, and a good ohmic contact to 
100 Ω/sq emitters.  Model calculations show that a BSRV of 600 cm/s can limit the 
maximum possible Voc to ~662 mV for a 0.6 Ω-cm material with a bulk lifetime of 250 
µs when the effect of FSRV or Joe on Voc is completely neglected 
(Voc=(kT/q).ln[(Jsc/(Joe+Job)) +1]).  The cell data in Figure 5.4 also show that the 
efficiency difference of ~0.5% between the co-fired 45 Ω/sq cell and the 100 Ω/sq cell is 
















Figure 5.4. IQE plots for co-fired 45 Ω/sq emitter (using paste B) and 



















Cell 1: Co-firing process using
paste B on 45 Ohm/sq emitter with
poor surface passivation
Cell 2: Co-firing process using
PV168 on 100 Ohm/sq emitter with
poor surface passivation
Cell 3: Co-firing process using
PV168 on 100 Ohm/sq emitter with
good surface passivation
Cell ID Voc (mV) Jsc (mA/cm2) FF Eff (%)
1 627 32.6 0.785 16.0
2 627 33.9 0.775 16.5
3 642 34.6 0.771 17.1
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5.3.3.2 Further Enhancement in the Performance of 100 Ω/sq-Emitter Cell with 
Higher Quality Front-Surface Passivation 
 
All the cells reported in the previous sections had a SiNx film deposited in a high-
frequency (HF) PECVD reactor, which resulted in an effective FSRV of ~250,000 cm/s 
on the 100 Ω/sq emitter and ~450,000 cm/s on the 45 Ω/sq emitter.  These FSRV values 
were obtained by matching the measured and PC1D-simulated IQEs in the short-
wavelength range (0.3-0.5 µm).  The actual emitter doping profile was used with the 
default bandgap narrowing model of PC1D. According to the model calculations in 
Chapter 4, these FSRV values are too high to obtain maximum benefit from the high 
sheet-resistance emitter. To enhance the understanding of this aspect and increase the 
efficiency gap between the 100 and 45 Ω/sq- emitter cells, we improved the surface 
passivation by depositing a low-frequency (LF) PECVD SiNx,.  The deposition condition 
(430-435°C) was used to achieve better passivation.  The IQE/PC1D analysis showed 
that the LF SiNx lowered the effective surface recombination velocity of the 100 Ω/sq 
emitter from ~250,000 cm/s to ~40,000 cm/s.  This should lower Joe and give higher Voc 
[=kT/q⋅ln(Jsc/Jo1 + 1)] because Jo1 = Joe+ Job.  Recall that in this study, low-resistivity Si 
was selected to reduce the base saturation current density (Job), which made Voc more 
sensitive to Joe. Figure 5.4 shows that indeed the co-fired 100 Ω/sq cell using PV168 Ag 
paste (Cell 3) with good surface passivation gave ~1% higher cell efficiency with a much 
higher blue response of 2.0 mA/cm2, higher Jsc, and 15 mV higher Voc compared to the 
co-fired 45 Ω/sq cell with poor surface passivation.  It also gave ~0.6% improvement in 
absolute efficiency over the poorly passivated 100 Ω/sq cell.  The FSRV for the well-
passivated (LF SiNx) cell was comparable to that of Kerr et al., who reported an FSRV of 
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~25,000 cm/s for an emitter with a surface concentration of 1.8x1020 cm-3 [112].  It has 
been shown in [113] that annealing at 500° C causes Joe to decrease by a factor of two for 
100 Ω/sq emitters passivated with LF direct-plasma SiNx film, while the Joe for the HF 
direct-plasma SiNx film increases during annealing.  It is important to note that because 
of our HF PECVD machine limitations, the HF SiNx deposition conditions were not 
optimum for a good FSRV. The conditions for better HF SiNx passivation include higher 
deposition temperature of 400° C (the deposition temperature of our HF PECVD machine 
is 300°C) and higher gas flows [31]. The beneficial effect of the LF SiNx is especially 
pronounced after rapid high-temperature firing.  This is supported by the measured Joe 
values, which showed a drop from 580 fA/cm2 to 66 fA/cm2 after firing.  This result is 
close to the Joe values below 60 fA/cm obtained for good surface passivation using 
optimized remote or HF PECVD SiNx for surface concentrations up to 1020 cm-3 (without 
annealing) [114]. 
The short-wavelength response can be further enhanced by using a stack 
oxide/nitride front-surface passivation since a thermal oxide is known to passivate defects 
and dangling bonds at the surface. Figure 5.5 shows a higher IQE short-wavelength 
response for a stack 100 Å rapid thermal oxide (RTO)/LF PECVD SiNx film (see 
Appendix D for the oxide growth process conditions) compared to a LF SiNx film only. 
The lowest Joe (54 fA/cm2) was measured for the stack RTO/SiNx front-surface 

















5.3.4 Optimization of the Grid Design to Further Enhance the Fill  
         Factor of the 100 Ω/sq Emitter Cells 
 
       In the previous sections, the firing condition was optimized and the front-
surface passivation was improved to enhance the benefit from the high sheet-resistance 
emitter.  However, all the previous cells were fabricated using the same screen and grid 
design that was optimized for the 45 Ω/sq emitter.  An increase in sheet resistance to 100 
Ω/sq cells requires re-optimization of the grid design, with narrower spacing to minimize 
the sheet resistance loss. The metal grid design used in this study had one tapered busbar 
with a 500 × 800 µm pad and eight gridlines for the 45 Ω/sq emitter and 2 cm x 2 cm 
cells.  The finger width is 75-80 µm in the case of the fired PV168 Ag gridlines. In this 
section, the grid model presented in [104] is used to optimize the grid design, taking into 
account resistance and shading losses (see Appendices A and B).  This resulted in the 
addition of two gridlines to the original grid design to have a total of 10 gridlines with a 


















Stack RTO/LF SiN passivation
LF SiN passivation only
    
                     
Figure 5.5: Short-wavelength IQE response for 100 Ω/sq co-fired cells with LF 
PECVD SiNx only and RTO/LF SiNx. 
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grid spacing of 0.2 cm as opposed to 0.25 cm.  The grid optimization gives a fractional 
power loss of   0.0793 because of the eight-line grid, while that for the 10-line grid is 
0.0753 on the 100 Ω/sq emitter. Hence, the total fractional power loss is higher for the 
eight-line grid on the 100 Ω/sq emitter compared with the 10-line grid because of the 
high sheet-resistance loss, even though the shading loss is lower for the eight-line grid. 
Therefore, the grid optimization led to a decrease in the series resistance by ~0.2 Ω-cm2 
coupled with an enhancement in the FF of 0.008-0.009.  This is consistent with [74] 
where the resistance associated with the sheet resistance and gridline spacing is given by 
Re=(ρsb2)/12, where ρs is the sheet resistance in Ω/sq and b is the gridline spacing in cm.  
The contribution to the series resistance from the diffused 100 Ω/sq sheet is 0.52 Ω-cm2 
for 0.25-cm spacing and 0.33 Ω-cm2 for 0.2-cm spacing. Thus, Re is improved by 0.19 Ω-
cm2 because the new grid design.  Since each 1 Ω-cm2 in series resistance causes a 
decrease of ~0.042 in FF (assuming a reasonably high shunt resistance, see Appendix 
C.2) [115], the total expected improvement in FF is ~0.008.  This is consistent with data 
in Table 5.7, where the FF improved by 0.009, from 0.771 to 0.780, because of a 
decrease in the series resistance from 1.02 Ω-cm2 to 0.79 Ω-cm2 as a result of the new 
grid design.  This resulted in further enhancement in cell efficiency from 17.2% to 
17.4%.   The FF and efficiency can be further improved on high sheet-resistance emitters 
if finer gridlines can be screen printed with the corresponding optimum grid design. 




Table 5.7: I-V data for cells with and without optimized grid design fabricated with 
PV168 Ag paste using co-firing process (900° C/80 ipm) on high sheet-resistance (100 
Ω/sq ) emitters with LF-SiNx AR coating. 

















































(optimized) Average 645 34.4 0.777 17.2 1.09 0.89 742,029 
 
The highest Voc of 648 mV was obtained for a LF-SiNx/RTO stack passivated cell with a 
planar 100 Ω/sq emitter. This cell gave an efficiency of 17.5% with the optimized grid design. 
 
 
5.4  Conclusions 
In this chapter, a combination of modeling and deeper, fundamental 
understanding and technology development led to a 1.5% increase in absolute cell 
efficiency. Screen-printed solar cells are generally made on 30-60 Ω/sq emitters because 
of the challenge of achieving good screen-printed contacts to high sheet-resistance 
emitters. The use of low sheet-resistance emitters results in appreciable loss in cell 
performance because of the heavy doping effects and high emitter saturation current 
density. The research in this chapter demonstrated for the first time that it is possible to 
obtain high fill factors on 100 Ω/sq emitters using a manufacturable single-step firing 
scheme in conjunction with an appropriate Ag paste like PV168 from DuPont.  A 
combination of fundamental understanding and process optimization, involving rapid 
firing at ~830-840° C, resulted in high fill factors of  ≥0.775 on a 100 Ω/sq emitter.  Two 
conventional commercial Ag pastes gave inferior contact quality on the same 100 Ω/sq 
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emitter when fired using the same conditions because of significant Ag penetration near 
the p-n junction.  This is attributed to excessive Si etching at higher firing temperatures 
by the frit used in those pastes.  At lower or conventional firing temperatures (~750°C), 
when Ag penetration is not excessive, high contact resistance becomes the problem for 
the conventional pastes on 100 Ω/sq emitters.  IQE analysis of the co-fired 45 Ω/sq- and 
100 Ω/sq-emitter cells showed an appreciable improvement in the short-wavelength 
response because of the lightly doped emitter.  The rapid co-firing process developed in 
this research using the PV168 also gave good BSF or back-surface velocity at no 
additional cost because of the higher firing temperature used. An absolute efficiency 
improvement of ~0.5% (from 16% to 16.5%) was achieved for the 100 Ω/sq cell over the 
45 Ω/sq cell, even with poor front-surface passivation on both devices. An additional 
efficiency enhancement of ~0.6% (from 16.5% to 17%) was achieved by improving the 
front-surface passivation or FSRV of the high –sheet-resistance emitter cells from 
250,000 cm/s to 40,000 cm/s. This was accomplished by using a low-frequency SiNx 
deposited at ~430° C.  This resulted in planar FZ cell efficiencies in excess of 17% on a 
100 Ω/sq emitter, demonstrating ~1% increase in absolute efficiency over the co-fired 45 
Ω/sq-emitter cell with inferior surface passivation.  Finally, optimization of the front-
contact metal grid improved the FF from 0.771 to 0.780, resulting in a cell efficiency of 
17.4%. Thus, a combination of high sheet-resistance emitter, improved front-surface 
passivation, and optimized grid design raised the cell efficiency from 16% to 17.4%. A 
stack oxide/silicon nitride front surface passivation further improved the 100 Ω/sq emitter 





UNDERSTANDING THE FORMATION OF AG-
SI CONTACT INTERFACE AND CURRENT 
TRANSPORT THROUGH IT IN SCREEN-
PRINTED AG CONTACTS TO HIGH SHEET-




6.1  Introduction 
 
After establishing the technology of making good screen-printed contacts to high 
sheet-resistance emitters in Chapter 5, a detailed study was conducted on the three pastes, 
PV168, A, and B, using two different firing conditions. The contact interface structure 
was correlated with the electrical properties of ohmic contacts and solar cell performance. 
This chapter focuses on understanding the contact interface and possible current transport 
mechanisms. First, the quality of the screen-printed (SP) contact is assessed in terms of 
the specific-contact resistance, junction leakage current, and shunting and is then 
compared with the contact interface structure, with the objective of correlating the 
physical and electrical properties of the screen-printed contacts. Contact parameters were 
determined by light and dark I-V, Suns-Voc, and TLM measurements. The contact 
interface was examined by AFM, SEM, TEM, and SIMS measurements.  
The specific-contact resistance is strongly dependent on the surface doping (Ns) 







where q is the elementary charge, h is the Planck constant, εs is the semiconductor 
permittivity, ΦBn is the barrier height between the metal and semiconductor,  m* is the 
effective mass of the charge carriers, k is the Boltzmann constant, T is the temperature in 
°K,  and A* is the effective Richardson constant. The derivation of the above equation is 
given in Appendix G. Shallow high sheet-resistance emitters have a lower surface doping 
compared with lower sheet-resistance emitters. Hence, it is harder to achieve a low 
specific-contact resistance (< 3 mΩ-cm2) on the higher sheet-resistance emitter. Since 
screen-printed contacts are not full-area contacts, a macroscopic specific contact 
resistance needs to be defined: ρcm=ρc/Af , which is a function of the contact-area 
fraction, Af, and the microscopic specific contact resistance, ρc. 
The first requirement for achieving low-resistivity ohmic contact to the Si emitter 
is to punch through the SiNx layer during the contact firing process [77].  Second, the 
paste and firing combination must result in a metal-Si contact area fraction that is 
sufficient for low contact resistivity. Third, the fired or modified glass layer should be 
thin enough for tunneling and/or it should be conductive to allow for current transport. In 
addition, the 100 Ω/sq emitter is more prone to shunting since it has a shallower p-n 
junction compared to the 45 Ω/sq. This adds another constraint to the chemistry of the 
glass frit and metallic constituents of the paste to prevent shunting and excessive impurity 
diffusion. 




















 The above concepts have been used in conjunction with new findings from this 
study to explain why, of the three Ag pastes studied in the previous chapter, PV168 paste 
from DuPont gave the highest fill factors (FFs) while the other two pastes did not work as 
well on 100 Ω/sq emitters. To gain a better understanding of the interface structure 
requirements for achieving good-quality screen-printed ohmic contact to a 100 Ω/sq 
emitter, the same three commercial thick-film Ag pastes (pastes PV168, A, and B), 
studied in Chapter 5, are examined in more detail in this chapter in an attempt to correlate 
the electrical and physical properties of screen-printed contacts. To understand the 
temperature dependence of the contact interface and its quality, two different firing 
conditions were examined for each paste. 
 
6.2 Experimental Method 
 Screen-printed n+-p-p+ solar cells (4 cm2) were fabricated on single-crystal Si 
using different Ag pastes and firing conditions on a 100 Ω/sq emitter. P-type, 0.6 Ω-cm, 
300-µm-thick (100) float-zone (FZ) substrates were used for all the experiments.  The 
cell processing sequence, as well as the process conditions, are shown in Table 6.1. 
Silicon wafers were first chemically cleaned, followed by POCl3 diffusion to form the n+-
emitter. After the phosphorus-glass removal and another clean, a plasma-enhanced 
chemical vapor deposited (PECVD) SiNx antireflection (AR) coating was deposited on 
the emitter. Next, an Al paste was screen printed on the back side and dried at 200° C.  
An Ag grid was then screen printed on top of the SiNx film and then dried. Ag and Al 
contacts were co-fired (single firing step) in a lamp-heated three-zone belt-line furnace 
(RTC LA-310). The actual sample temperature profile was measured by using a fast 
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response K-type thermocouple with a closed-end tip loosely attached to the surface of the 
wafer as it travels through the belt furnace   Nine  4 cm2 cells on large-area wafers were 
then isolated using a dicing saw and then exposed to ~15 min forming gas anneal (FGA).  

















Cross-sectional scanning electron microscopy (SEM) (JEOL FE-SEM-6320F) and 
plane-view atomic force microscopy (AFM) (DI 3100) measurements were performed to 
study the structure of the Ag-Si interface. Cross-sectional conductive AFM (CAFM) 
Table 6.1: Process sequence and conditions used for fabricated cells. 
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images were taken to investigate the conductivity through the bulk of the PV168 Ag 
gridline for high and low firing temperatures.  The CAFM technique uses a bias voltage 
applied between a highly conductive tip and the Al back contact as the tip passes over the 
cross-sectional area of the grid.  No etching was found necessary for the cross-sectional 
SEM and CAFM measurements.  However, the Ag grid was etched prior to the AFM 
using HF, HNO3, and HF acids in sequence to remove the metal and the glass to delineate 
the footprints of the etched Ag crystallites into the Si surface.  The plane-view AFM 
images of the surface morphology were acquired in intermittent tapping mode. Cross-
sectional TEM (Philips CM-30) was performed on selected samples. The sample 
preparation for the TEM measurement involved standard mechanical polishing down to 
about 50 µm, followed by dimple polishing down to a thickness of around 5µm. The 
samples were then ion beam milled using a Gatan precision ion polishing system (PIPS) 
at low energy and low angle. Secondary ion mass spectroscopy (SIMS) measurements 
were taken on selected samples to determine the Ag and P concentration profiles in the 
silicon directly underneath the Ag grid using a CAMECA IMS-5F ion microscope.  The 
Ag grid was etched in HCl for the SIMS measurements to prevent any Si etching.  The 
samples were bombarded with 5.5 KeV O2+ primary ions for the analysis of Ag and Al, 
whereas14.5 KeV Cs+ primary ions were used for P.  The primary ion beam was raster 
scanned over a square area of 150 µm × 150 µm. Positive or negative ions were collected 
from ~20 µm diameter area in the center of the rastered crater for Ag and P, respectively.  
Specific-contact resistance was determined by using the transfer-length method 
(TLM) pattern [33], which was printed simultaneously with the grid. The cell parameters 
were measured by light I-V for determining the open-circuit voltage (Voc), short-circuit 
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current (Jsc), FF, and cell efficiency, as well as the series (Rs) and shunt resistances (Rsh) 
[26].  Suns-Voc [29] was used for evaluating the junction leakage-current (Jo2) at a 
second-diode ideality factor (n2) of 2.  
 
6.3 Results and Discussion  
In the previous chapter, paste PV168 was found to work best on the high sheet 
resistance-emitter mainly because the glass frit used in this paste is mild in terms of 
aggressiveness in etching the SiNx and the Si emitter.  Because of this characteristic, 
higher temperatures (>810° C) in the belt furnace had to be used to make good ohmic 
contact, as opposed to conventional firing temperatures of 700-750° C.   To understand 
the impact of glass frit chemistry and firing temperature on the interface structure, the 
interface was examined for all three pastes for high and low firing temperatures.    
 
6.3.1 Investigation of the Lower-Temperature Firing (746°C/1 sec)  
 Commercial pastes are generally fired at sample temperatures around 700° C 
[56].   This process works well for the 45 Ω/sq emitter.  As shown in Table 6.2, pastes A 
and B gave reasonably low Rs (~0.8 Ω-cm2) and Jo2 (~25 nA/cm2), along with high Rsh 
(>7 kΩ-cm2) on the 45 Ω/sq emitter, producing fill factors (FFs) greater than 0.780 and 
cell efficiency >16.7% on FZ Si.  As expected, the lowest specific-contact resistance 
values were obtained for the 45 Ω/sq emitters. Also, as shown in Table 6.2, both pastes 
failed on the 100 Ω/sq emitter for the 746° C firing condition, as no improvement over 
the 45 Ω/sq cells was achieved.  Thus, to understand the reasons for the poor 
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performance on the high sheet-resistance emitter, the contact behavior for each paste was 









 The plane-view AFM image in Figure 6.1(a) shows that the 746° C firing of 
paste A produced a highly irregular distribution of Ag crystallites ~100 nm in depth.  In 
addition, the contact area is quite small (~10%), which may not be suitable for high 
sheet-resistance emitters.  This observation is consistent with the results of Ballif et al. 
[78] for this conventional paste and firing conditions. It was shown by model calculations 
in Chapter 4 that a specific-contact resistance of ≤3 mΩ-cm2 is required to achieve FFs 
above 0.78. It is important to note that the TLM method (Chapter 2) gives a macroscopic 
specific-contact resistance (ρcm) for screen-printed contacts, which is inversely 
proportional to the contact area fraction Af (ρcm=ρc/Af). Table 6.2 shows that the same 
firing condition produced a macroscopic specific-contact resistance of 0.24 mΩ-cm2 on 
the 45 Ω/sq emitter. However, a higher macroscopic specific-contact resistance of ~4 
mΩ-cm2 is measured for the 100 Ω/sq emitter contact (Table 6.2), indicating the need for 
a higher contact area fraction of Ag crystallites embedded into Si for high sheet-
Table 6.2: The electrical performance of contacts and Si solar cells formed with the three 
pastes (PV168, A, and B) on a conventional 45 Ω/sq emitter and on a 100 Ω/sq emitter 
using low- (conventional) and high-temperature firing. Macroscopic specific- contact 
resistance (ρcm) values are shown after FGA. 
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resistance emitters.  The SEM image in Figure 6.1(b) shows the contact interface cross-

















The AFM image in Figure 6.2(a) shows that paste B behaves quite differently 
than paste A for the 746° C firing.  Paste B showed a fairly uniform and large distribution 
of small Ag crystallites (~25 nm in width). A regular distribution of small Ag crystallites 
is better for lower contact resistance compared to an irregular distribution of larger Ag 






Figure 6.1 (a) AFM plane-view image of the contact interface after 
removing the glass frit and Ag and (b) SEM cross-section of the contact 
interface for paste A fired at 746°C/1 sec. 
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reveals that most Ag crystallites formed at the Ag-Si interface for paste B are on the order 
of ~25 nm, but some Ag crystallites as large as ~100 nm in size are also present. The 
SEM micrograph in Figure 6.2(c) shows that ultra-thin glass regions that are suitable for 




























Ultra-thin glass region 
Ag 
(c) 
Figure 6.2 (a) AFM plane-view image of the contact interface after removing the 
glass frit and Ag, (b) SEM cross-section of the contact interface, and (c) SEM 
cross-section showing ultra-thin glass layer for paste B fired at 746° C/1 sec. 
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Another striking difference between pastes A and B is that the variation in the 
surface depth is much greater for paste B across the whole scanned surface, as seen from 
the AFM photographs in Figure 6.2(a) and Figure 6.1(a).  These variations are up to 200 
nm in depth for paste B. On the other hand, paste A has only a non-uniform distribution 
of the Ag crystallites. Thus, even at conventional 746° C/1 sec firing, paste B displays the 
aggressiveness of its glass frit, which probably enhances more Ag migration closer to the 
p-n junction. This was confirmed by the SIMS measurements in Figure 6.3, which 
revealed the presence of ~3×1017 cm-3 Ag at or near the n+-p junction located ~0.28 µm 
below the surface. This concentration is comparable to the emitter doping at the p-n 
junction and greater than the base doping.  This increased the junction leakage current to 











PV168 Ag paste, which has a less aggressive glass frit and finer Ag particle size 





















Ag from paste B
P underneath paste B gridline
Ag from paste PV168
p-n junction
Figure 6.3. SIMS of the Ag and P concentration underneath 
paste B gridline after firing at 746° C/1 sec. Ag from paste 
PV168 fired at 835° C/1 sec is shown for comparison. 
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~750° C conventional firing. It is clear from Table 6.2 that the low-temperature (746° C) 
co-firing of PV168 paste resulted in unacceptably high specific-contact resistance (45 
mΩ-cm2) in conjunction with low FF (0.643) and poor cell efficiency (14.37%).  To 
understand this behavior, TEM analysis was performed on the 746° C/1-sec fired sample. 
Figure 6.4(a) reveals that the thickness of the lead oxide glass varies extensively and the 
layer was not etched properly with the thickness of the SiNO layer ~65 nm in many 
regions, which is too thick for tunneling to take place. There were few regions where the 
SiNO is completely etched at this firing temperature. This explains the high contact 
resistance observed for the PV168 Ag paste when fired at a conventional firing 
temperature of 746° C/1 sec. This also indicates a much less aggressive glass frit 
chemistry in PV168 compared to conventional pastes A and B.  Pastes A and B achieved 
good-quality contacts at 746°C/1 sec firing on the 45 Ω/sq emitter, as shown in Table 6.2, 
which indicates that the silicon nitride film is completely etched.  
Figure 6.4(b) shows the cross-sectional conductive AFM images of the bulk of the 
PV168 Ag gridline and the Si beneath it for the ~750° C firing temperature.  This 
technique can probe the variation in the conductivity of the gridline.  The presence of a 
glass layer in the grid or at the interface can lower the grid conductivity in those regions.  
The bright contrast shows high conductivity or high current between the probes for the 
probing voltage applied between the back Al and the probing point within the grid. The 
absolute conduction through the bulk of the PV168 gridline was low (~18 nA current at 
200 mV). The CAFM measurements also confirmed that ~750° C firing still gives a non-
rectifying ohmic contact because similar current values were obtained when the applied 


















6.3.2 Investigation of the Higher-Temperature Firing (835° C/1 sec)  
 Having established that conventional ~750° C/1 sec firing failed to achieve high-
quality SP contacts for pastes A, B, and PV168, a higher-temperature firing condition 
was investigated. This higher-temperature firing condition has been used to completely 
punch through the SiNO film and achieve a low resistivity contact with the PV168 paste.  
Table 6.2 summarizes the electrical performance of contacts and solar cells fabricated 
with higher-temperature (835° C/1 sec) firing. For the PV168 paste, the 835° C firing 
(a)







Figure 6.4 (a) Cross-section TEM image and (b) cross-section CAFM 
image of the PV168 Ag-Si contact fired at 746° C/1 sec. 
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produced excellent ohmic contacts, with a specific-contact resistance of less than 2 mΩ-
cm2 and series resistance of 0.854 Ω-cm2, resulting in a FF of 0.782 on a 100 Ω/sq 
emitter and a FZ Si cell efficiency of 17.4%.  
Higher-temperature firing increases the aggressiveness of the etching reaction 
between the glass frit and the SiNO layer.  Thus, for the ~835° C/1 sec firing condition, 
the SiNO is completely etched (except at very few regions where it is much thinner than 
the SiNO layer for the 750° C firing condition), allowing the glass frit with dissolved Ag 
to reach the underlying Si.  Ag  recrystallizes upon cooling, giving rise to the epitaxial 
growth of the Ag crystallites observed in Figure 6.5(a). The AFM conductivity is higher 
for both the Ag and glass regions at the 835° C firing (Figure 6.5(b)) compared to the 
~750° C firing in Figure 6.4(b).  This explains why the effective series resistance for the 
835° C firing is 0.854 Ω-cm2 as opposed to 4.39 Ω-cm2 for the ~750° C firing (Table 
6.2). Figures 6.4(b) and 6.5(b) support that the limited current transport between the Si 
emitter and the Ag bulk is the main reason for the high contact resistance for the 746° C/1 
sec fired cell because of the incomplete etching of the dielectric SiNO layer. Hence, the 
higher-temperature (835° C) firing results in better current transport at the Ag-Si contact 
interface to give a current of 534 nA at 200 mV measured by CAFM (Figure 6.5(b)) 
compared with the 18 nA at 200 mV for the ~750° C firing.  The higher-temperature 
firing-induced increase in CAFM current by a factor of 20-30 times agrees well with the 
23 times decrease in specific contact resistance decrease from ~46 mΩ-cm2 to ~2 mΩ-
cm2.  To achieve similar current for the ~750° C-fired grid, the voltage applied to the grid 
had to be increased significantly from 200 mV to 1000 mV. The observed non-
homogeneous conductivity of the Ag gridline in Figure 6.5(b), particularly near the Ag-Si 
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interface, is attributed to the presence of varying thickness of high-resistivity glass 
between Si and the Ag grid. The relative poor conductivity of the darker regions near the 
Ag-Si interface in Figure 6.5(b) is indicative of glass conductivity, which is lower than 















        
 
 
The SEM cross-section (Figure 6.6(a)) of the Ag-Si contact interface fired at 835° 
C revealed the presence 50-80-nm wide re-grown Ag crystallites for PV168 paste; 
(a) 






Figure 6.5 (a) Cross-section TEM image and (b) cross-section CAFM image 
of the PV168 Ag-Si contact fired at ~835° C/1 sec.
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however, some larger conjugated Ag crystallites ~150 nm in width were also observed.  
Figure 6.6(b) shows the AFM image of the plane view of the same sample (fired at 835° 
C) after etching the Ag and the glass frit. Distributed pits observed in the AFM image are 
indicative of the footprints of the re-grown Ag crystallites into Si, which were removed 
during the Ag etching prior to AFM.  The AFM image in Figure 6.6(b) also reveals that 
the depth of these crystallites in the Si is on the order of 60 nm (notice that the depth 
scale goes from 0-100 nm), which is much smaller than the junction depth of ~0.28 µm 
for the 100 Ω/sq emitter.  This is in good agreement with the slight shift observed in the 
SIMS phosphorus profiles for regions with and without the gridline, which showed a 
displacement of ~55 nm, approximately (Fig. 5.3 in Section 5.3.2) equal to the 
penetration depth of the Ag crystallites for the PV168 paste.   The Ag crystallite 
penetration depth of only ~60 nm also explains why there was no appreciable shunting in 
the case of the PV168 paste even after the 835° C firing.   The shunt resistance and 
junction leakage current values were very reasonable (131.4 kΩ-cm2 and 15 nA/cm2, 


























        The AFM image in Figure 6.6(b) also reveals a fairly uniform and larger 
distribution of Ag crystallites, much more than that for paste A (Figure 6.1(a)) and more 
than reported by Ballif et al. for a conventional paste and firing scheme [78].  The area 
coverage of the Ag crystallites is estimated at ~50% for the PV168 paste.  The regular 
transfer of dissolved Ag through the glassy layer to the Si surface results in a uniform 
distribution of a large number of Ag crystallites (Figures 6.6(a) and (b)). The higher-





Figure 6.6 (a) Cross-section SEM image of the PV168 contact interface and 
(b) plane-view AFM image of the contact interface after removal of the glass 
frit and Ag for 835° C/1 sec firing.  
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saturation upon cooling, and the excess Ag precipitates onto the Si emitter surface as 
crystallites.   
       The PV168 paste composition is such that even at ~835° C firing, which was 
necessary to achieve acceptable contact and series resistance, Ag crystallites are small 
enough (less than the 0.28 µm junction depth) to avoid junction shunting. This was the 
key to achieving high FF on a 100 Ω/sq emitter with PV168 paste.  At the higher firing 
temperature of 835° C, PV168 produced Ag crystallites of similar size to those of paste B 
fired at ~750° C. This also demonstrates that the glass frit in paste B is much more 
aggressive than that of PV168.  Moreover, the Ag profile of the PV168 paste showed a 
much lower Ag concentration even when fired at ~835° C compared to the ~750° C firing 
for paste B (Fig. 6.3). This demonstrates the ability of the PV168 glass frit to inhibit Ag 
from excessively migrating into the emitter region compared to paste B.  
       For the PV168 paste, Ag grain growth in the Ag bulk of the grid, above the glass 
layer, of up to ~4.5 µm was observed after the 835° C firing as opposed to ~2.1 µm for 
the ~750° C firing.  In addition, the grains formed at 835° C firing showed a very 
compact structure.  This yielded a lower gridline resistivity of ~1.9 µΩ-cm, which is 
close to the resistivity of pure Ag (~1.7 µΩ-cm).  The gridline resistivity after the ~750° 
C firing was ~2.5 µΩ-cm. It has been shown that the Ag grain growth of thick-film 
contacts increases with firing temperature [69], yielding denser films, causing the sheet 
resistivity of the Ag thick films to decrease with higher sintering temperatures in the 
range of 450° C -800° C.   However, this is a very minor factor compared to the contact-
resistance effect in determining the observed decrease in the overall cell resistance at 
835° C. 
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The final step in applying this methodology to explain the difference in 
performance of the three screen-printed contacts involved studying the contact interface 
resulting from the 835° C firing of pastes A and B.  The solar cell and contact data in 
Table 6.2 show that, unlike paste PV168, paste B failed again at 835° C, with the ideality 
factor (n) rising above three, in conjunction with very high leakage current exceeding 
14,000 nA/cm2.  At 835° C, paste A gave very good contact resistance of ~0.3 mΩ-cm2 in 
conjunction with series resistance of ~0.75 Ω-cm2, but it also failed and gave a lower Voc 
compared with the PV168 paste on the 100 Ω/sq emitter (Table 6.2) because of shunting.   
The SIMS measurements (Fig. 6.7) detected the presence of Al from the glass frit 
of paste A at a high concentration deep into the emitter region. The Al concentration 
profile shown in Figure 6.7 is believed to be responsible for the lower Voc shown in Table 
6.2. The Al is a component in the glass used to make better adhesion and contact as Al 
wets the Si surface at lower temperatures than the contact co-firing temperature. The Al 
melts at 635° C and forms a eutectic with Si at 577° C with a doping concentration that 
depends on the firing temperature and a depth that depends on the original Al content 
[116]. For deep low sheet-resistance emitters and lower-temperature contact co-firing, the 
Al is probably fully compensated by the P and may have very minor negative effects.  
However, for the 0.28-µm deep 100 Ω/sq emitter, this is probably not the case. The Voc is 
pinned down to ~634 mV compared to 646 mV for the PV168 paste, possibly because of 
the Al diffusion that may result in a second p-n junction. The Ag concentration, as well as 
that of other metal impurities detected for paste A, is less than both the base doping and P 












Cell data showed that paste B failed again because of the excessive shunting after 
the 835° C firing.  This is supported by the SEM image in Figure 6.8, which showed a 
significant increase in the size of Ag crystallites approaching 0.3-1 µm.  Since this is 
even larger than the junction depth of ~0.28 µm, cells were badly shunted.  A comparison 
of Figures 6.2 and 6.8 shows that the Ag crystallites grew almost 10 times in size (~100 
nm⇒ ~1000 nm) when the paste B firing temperature was raised from ~750° C to 835° 
C.  This is probably because the glass frit in paste B to dissolves a lot more Si and Ag at 
the higher temperature and becomes highly supersaturated, producing large precipitates 
or crystallites at the interface upon cooling. Figure 6.9 also confirms this shunting effect 
by showing a very high Ag concentration (greater than the P emitter concentration) in the 
























Figure 6.7. SIMS analysis of Al in the emitter region from paste A. The 




















6.3.3 Investigation of Phosphorus Injection from the Pastes  
 Since these pastes also had phosphorus, SIMS measurements were performed to 
investigate the possibility of the formation of a selective emitter resulting from the 
injection of P underneath the gridlines.  This was determined by printing and firing the 






Figure 6.8 Cross-section SEM images of the Ag-Si interface for 
paste B fired at 835° C/1 sec. Xj is the 100 Ω/sq emitter p-n 




















Ag from paste B
P emitter 100 ohm/sq profile
Figure 6.9 SIMS analysis of the Ag profiles in the Si emitter 
region underneath the Ag gridline for paste B fired at 835° C/1 
sec. Ag crystallites have not been removed for this measurement. 
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Figure 6.10 shows that all the pastes introduced only a limited amount of P into 
the Si, resulting in a sheet resistance of 900-5000 Ω/sq even for the higher-temperature 
(835° C/1 sec) firing condition used in this study.  More important, the self-doping P 
concentration is much smaller than the P concentration associated with the diffusion of 
the 100 Ω/sq emitter (Fig. 6.10).  Figure 6.10 also shows that the PV168 paste introduces 
much less P into Si compared to pastes A or B when fired at high temperatures. The glass 
frit of paste PV168 probably inhibits the P diffusion from the Ag powder coating since 
the fritless PV167 paste, which has the same P content as PV168, showed more P 
diffusion. Since the injected P concentration does not alter the net P concentration 
underneath the grid, selective-emitter formation can be precluded.  Thus, self-doping can 
be ignored as the basis for any similarities and differences between the contacts formed 
by these pastes. However, if the injected P from pastes A and B in the frit few atomic 
layers of the Si emitter surface (Fig. 6.10) is electrically active, it could contribute 



































Figure 6.10 SIMS profiles of P detected in Si after ~835°C/1 sec firing of 
pastes A, B, PV67, and PV168 on undiffused Si.  P profile for the 100 Ω/sq 
emitter is also shown for comparison. 
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6.3.4 The Role of the Glass Frit  
To understand the role of the frit at the 835° C/1 sec firing condition, another 
paste was investigated, PV167 from DuPont, which is analogous to PV168 but without 
the glass frit. Even though more P diffusion was detected by SIMS for the PV167 paste 
compared with the PV168 paste, proper adhesion was not achieved with the PV167 paste 
when fired at the 835° C/1 sec condition on the bare Si emitter.  This suggests that, for 
the fast firing condition, the presence of the glass frit plays a very important role in 
achieving proper contact, even at the Ag-Si eutectic temperature of 835° C [117].   This 
might be because the eutectic alloy between Ag and Si is difficult to form for fast firing 
conditions because phase equilibrium is not achieved. Therefore, glass frit provides the 
adhesive bond phase when no eutectic bond is formed. The glass frit also helps in 
dissolving enough Ag at the Ag-Si eutectic temperature to produce a large and relatively 
uniform distribution of Ag crystallites. This is why the PV168 performs well around the 
Ag-Si eutectic temperature and fails at the low firing temperature for high sheet-
resistance emitters. 
The eutectic reaction is not necessary for thick-film contacts to the Si emitter, 
since pastes A and B develop Ag crystallites below the eutectic temperatures.  The reason 
that PV168 works at 835° C/1 sec firing is because the SiNO is completely etched at this 
firing condition. It is probably not a coincidence that PV168 makes an ohmic contact 
around the Ag-Si eutectic temperature of 835° C, since this paste was originally designed 




6.3.5 Investigation of the Possible Current Transport Mechanism at the    
         Contact Interface  
 
 Since the contact interface consists of Ag crystallites embedded into the Si 
surface with a lead oxide glass layer in between the crystallites and Ag grid, it is not well 
understood how the carriers flow from the Si emitter to the grid. Since very few or no 
direct connection paths are observed between the Ag grid and silicon emitter in SEM, 
tunneling through the glass via metal precipitates is one possibility. The other is that the 
glass layer becomes conductive. To understand this, some observation and calculations 
are performed in this section. Figure 6.11 shows the modeling of the macroscopic 
specific-contact resistance as a function of surface concentration for different Ag-Si area 
coverage using equations 6.1 and 6.2 with an Ag-Si barrier height of 0.78 eV [110]. 
Figure 6.11 shows that at Ns=1.48×1020 cm-3 for the 100 Ω/sq emitter; the microscopic 
specific contact resistance (ρc) is calculated to be ~0.36 mΩ-cm2 for a full-area contact.  
This translates to macroscopic specific contact resistance (ρcm=ρc/area) of ~0.72 mΩ-cm2 
for 50% area coverage and 3.6 mΩ-cm2 for 10% area coverage, which are close to the 
ones measured for pastes A and PV168, respectively, after 400° C forming gas anneal 
(FGA), as shown in Figure 6.12 and Table 6.2. Comparing experimental results for ρcm 
with the modeling results for pastes A and B (~750° C/1 sec firing) and paste PV168 
(835° C/1 sec firing), it appears that after FGA the entire Ag crystallite-Si contact area 
begins to participate in the current transport and not just the regions where the glass layer 
is ultra-thin. This suggests that the glass becomes more conductive after FGA 
Figure 6.12 shows that before FGA, paste PV168 has the highest ρcm (~24 mΩ-
cm2) compared with the other two pastes. This drops substantially to less than 2 mΩ-cm2 
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after FGA. This indicates an enhancement in the conduction of the lead oxide glass layer, 
which separates the Ag crystallites and the Ag bulk of the grid, as shown in Figure 6.5(a) 
for the 835° C firing. This lead oxide glass layer is generally much thicker (>200 nm) 
than the lead oxide glass layer after the ~750° C firing (Fig. 6.4(a)). Although a few 
direct interconnections between the Ag crystallites and the Ag bulk might exist, none 
were observed using both the high magnification SEM and TEM for the PV168 paste. 
Therefore, for the 835° C-fired PV168 contact, the main current transport mechanism 
probably involves conduction via tunneling through the discontinuous metal granules 
[119] in the glassy layer. Paste B also shows a significant drop in ρcm after FGA (~6 mΩ-
cm2 to ~0.4 mΩ-cm2). However, in Figure 6.12, paste A does not show as big a drop (~8 
mΩ-cm2 to ~3.5 mΩ-cm2) in specific contact resistance as the DuPont paste PV168 and 






























Figure 6.11 Modeling of the specific contact resistance versus the 
surface doping concentration of the Si emitter for a Ag-Si contact 













Annealing in a hydrogen atmosphere has been shown to enhance the conduction 
of the fired glass layer of thick-film silver contacts for solar cells [79, 83]. Significant 
conductivity of the lead silicate glass has been observed when metal precipitates take part 
in the conduction after reduction in a hydrogen atmosphere [119]. However, Pb atoms in 
the glass usually agglomerate into large Pb crystallites, and thus it is less probable for 
tunneling to occur. It has been suggested that Bi ions significantly increase the 
conductivity of lead-silicate glasses because they act as tunneling centers after reduction 
in a hydrogen atmosphere [119]. Bi was detected in the glass frit of PV168 Ag paste as 
well as in the fired glass layer formed between crystallites and the Ag grid (Figs. 6.4(a) 
and 6.5(a)), which might explain the significant reduction in the specific-contact 
resistance for the DuPont PV168 glass frit after the forming gas anneal.   
Current transport probably takes place by (a) conduction through some 
















2 ) Before FGA
After FGA
 
Figure 6.12 The effect of FGA on paste A and B fired at 746° 
C/1 sec and paste PV168 fired at 835° C/1 sec. 
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[79, 120] and (b) by direct tunneling through ultra-thin glass regions. Ultra-thin glass 
regions were found to occur for conventional pastes (A and B), Figures 6.1(b) and 6.2(c). 
However, for the PV168, ultra-thin glass regions were not observed for the 835° C firing 
temperature. Hence, the current transport probably takes place via multi-step tunneling 
through the glass layer, which explains the need for FGA, which helps the formation of 
small metal precipitates, to achieve low contact resistivity for the PV168 paste. 
 
6.3.6 Understanding the Effect of Forming Gas Anneal (FGA) on the  
         Physical Behavior of the Glass Layer 
 
An attempt is made in this subsection to understand the physical effect of the 
forming gas anneal on the glass structure.  As mentioned previously, conduction in the 
glass layer is believed to take place by a tunneling or hopping mechanism via metallic 
granules or precipitates in the glass. It is believed that hydrogen treatment reduces the 
metal precipitates in the glass along with the spacing between them [79].  
 The structure of the glass and Ag crystallites was analyzed using high-resolution 
TEM of the contact interface shown in Figure 6.13. It is clear from the figure that the Ag 
crystallites precipitate from the glass layer into the Si emitter surface.  The glass layer has 
mainly Pb and Bi detected by EDS after firing. Other elements like Ag, O, Si, and N were 
also present.  The white spots shown in Figure 6.13 are believed to be Pb/Bi/Ag  
precipitates of ~5 nm size. The PV168 contact in Figure 6.13 was fired at ~840º C for ~1 


















Figure 6.14 shows the same screen-printed contact after the forming gas anneal at 
400° C for ~15 min. It is interesting to note that the metal precipitates are much smaller 
now (white spots) after the forming gas anneal. These metal precipitates are roughly on 
the order of 5 Å and have undergone ~10 times reduction in size by FGA.  This is 
attributed to the presence of hydrogen in the forming gas ambient because annealing in 
nitrogen ambient showed no reduction in the specific-contact resistance or enhancement 
in the fill factor [79]. Hydrogen anneal works because it can diffuse through the screen-
printed contact and glass regions to act as a reducing agent for the metal oxides present in 







Figure 6.13 TEM cross-section image showing the structure of 















An attempt was made to calculate the tunneling probability through a glass region 
sandwiched between metal precipitates. According to the literature [110], for tunneling 
through a lead borosilicate glass layer in contact with the Pb or Ag metal precipitates, a 
barrier height of ~0.79 eV can be assumed due to the image lowering effect, which is half 
of the bandgap (1.58 eV) of the lead borosilicate glass [122]. For an incoming electron of 
energy equal to the metal Fermi level or metal work function, which is 4.25 eV for Pb, 
the tunneling probability can be calculated for a parabolic potential barrier using the 
following equation derived from the WKB approximation [110] (see Appendix H): 
( )




















Figure 6.14 High magnification TEM cross-section image showing the glass 
layer of the thick-film contact after firing and after a forming gas anneal. 
Si 
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where q is the elementary charge, m* is the mass of an electron, ћ  is the reduced Planck 
constant, φB is the barrier height, L is the barrier width, and  ξ is the electric field. The 
detailed derivation of this equation is given in Appendix H. 
The calculated results are plotted in Figure 6.15, which show that a spacing or 
glass thickness between metal precipitates less than ~60 Å is necessary for tunneling to 
occur. The Pb/Bi/Ag metal precipitates in the glass layer of PV168 contact satisfy the 
tunneling probability requirement because according to Figure 6.15, metal granules are 












           
Figure 6.15 The tunneling probability as a function of the barrier width. L. 
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6.4 Conclusions 
Because of the considerable lack of understanding of the current transport in 
screen-printed contacts, an attempt was made in this chapter to correlate the electrical and 
physical behavior of the screen-printed contacts to high and low sheet-resistance emitters.  
It is found that higher firing temperature enhances the etching reaction of the glass frit, 
which dissolves more Ag to produce larger Ag crystallites along with a thicker glass layer 
between the Ag crystallites and Ag bulk. Proper glass frit chemistry can allow for the 
complete etching of the SiNx layer, needed for low contact resistance, while arresting the 
diffusion of Ag into the junction, which is also necessary for high FF.  Regions with very 
thin glass layer help improve the current transport via tunneling or by facilitating a direct 
connection between the Ag crystallites and Ag bulk. This study shows that it is important to 
optimize the following to achieve the best results: (1) high sheet-resistance emitter profile 
(e.g., surface concentration and depth) to obtain <3 mΩ-cm2 macroscopic specific contact 
resistance, (2) combination of paste and rapid firing scheme to precipitate a large number 
of small Ag crystallites  to avoid shunting; (3) the glass frit aggressiveness to etch 
through the silicon nitride film without excessive etching of the Si emitter and to prevent 
the formation of very large Ag crystallites;  (4) the glass frit chemistry to achieve ultra-
thin glass regions to promote direct tunneling; (5) the composition and properties of the 
inorganic constituents of the paste to avoid excessive diffusion of Ag and other impurities 






UNDERSTANDING AND DEVELOPMENT OF 
SILVER PASTES FOR SILICON SOLAR 




7.1 Introduction   
 In the previous chapters it was shown through contact interface analysis how and 
why different Ag pastes gave good- or bad-quality contacts on high sheet-resistance 
emitters.  In this chapter, we will make an attempt to understand how to control the 
contact quality by tailoring the key constituents of the paste.  The understanding of 
contact interface structure and electrical performance of contacts and cells, developed in 
previous chapters, is used to explain the impact of paste constituents on the quality of the 
contacts. This is challenging, partly because the paste constituents and characteristics are 
generally proprietary to the paste manufacturing company and also because the exact 
behavior of the glass frit and Ag during firing is complex.  However, understanding the 
roles of the inorganic constituents and their optimization in the Ag paste can help achieve 
good-quality thick-film ohmic contacts [78]. This is particularly important when dealing 
with high sheet-resistance emitters. In Chapters 5 and 6, high-quality screen-printed 
contacts to 100 Ω/sq emitters were achieved using PV168 Ag paste from DuPont. 
However, this paste only worked for higher than conventional firing temperatures (>810° 
C instead of 750° C).  In this section we study the effects of key components of the paste, 
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glass frit and Ag particles, on the electrical characteristics of the cell.  In particular, the 
impact of glass frit chemistry and Ag particle size and morphology is investigated to help 
in the development of an Ag paste for high sheet-resistance emitters using normal firing 
conditions.   
 
7.2 Experimental Method 
          In this study, many screen-printed cells were fabricated by co-firing the contacts 
either at a conventional temperature of ~750° C or at a higher temperature of ~840° C 
(over-fired) for several carefully formulated pastes with different chemistry. Table 1 
shows the formulation of nine different pastes studied. These pastes have different glass 
frit chemistry to control the glass transition temperature (Tg) (below which the glass frit 
becomes hard and brittle) and aggressiveness (etching of the SiNx and Si layers). For the 
glass frits investigated in this chapter, the Tg and glass softening point (where the glass 
starts to flow by its own weight) ranged from ~400° C to 600° C.  The pastes also contain 
different Ag particle sizes and morphology. The spherical particle size ranged from ~0.1 
to 10 µm, with small particle size designated to be ~0.8 µm, medium particle size ~1.5 
µm, and large particle size ~2.5 µm. The ultra-fine particle size is in the tens of 
nanometers (~0.1 µm) and the fine particle size is a few hundred nanometers. Table 1 
summarizes the key differences and characteristics of each Ag paste. All the pastes used 
were specially manufactured by Ferro Corporation for this study. Pastes 33-462 and 33-
456 have self-doping properties (contain P), whereas pastes 33-452, 33-455, and 33-460 
have no P in the paste.  Solar cells were fabricated using each paste and then electrical 











7.3 Results and Discussion 
7.3.1 The Effect of Ag Particle Size in Thick-Film Ag Paste on the  
         Electrical and Physical Properties of Screen-Printed Contacts and  
         Si Solar Cells 
 
7.3.1.1 Correlation between Particle Size and Electrical Performance of Contacts  
            and Solar Cells  
 
Figure 7.1 shows that for contact firing at 840° C with a belt speed of 120 inches 
per minute (ipm), the macroscopic specific-contact resistance as well as series resistance 
decreased with the increase in Ag particle size in the paste.  However, the lowest ideality 
factor (n) factor was achieved for the small- to medium-sized Ag particles. Higher 
composite ideality factors are indicative of an increase in junction leakage current, which 
can degrade both Voc and FF of the solar cell. It is important to note that Rs close to 0.5 
Ω-cm2 and an n factor close to unity are desirable for high FF and Voc.  The combined 
effect of the particle size induced change in Rs and n factor (Fig. 7.1) on the Voc and FF 
of the cells is depicted in Figure 7.2. The Voc was highest for the ultra-fine particle size 
and lowest for the largest particle size for the 840° C firing. However, the FF was 
optimum (>0.78) around the small particle size because of the trade-off between Rs and n 
Table 7.1: Description of the different pastes investigated in this study. 
 
 161
factor. Both Rs and n factor showed a decrease initially with an increase in the particle 
size, but for the larger particle size, the n factor starts to increase, while Rs continues to 












For the 750° C firing, the FF was found to peak at the small particle size and was 
lowest for the fine to ultra-fine particle size (Fig. 7.3). The Voc peaked for the fine and 
small particle size. Table 7.2 shows that the cell performance, which is proportional to 
the product of Jsc, Voc, and FF, peaked in the range of small- to medium-sized Ag 













































Figure 7.1. Effect of Ag particle size on macroscopic specific contact 
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Table 7.2: Cell Efficiency (%) for the different particle size pastes for rapid (120 ipm) 




7.3.1.2 Correlation between Particle Size and Contact Interface Structure  
 Cross-section SEM of the contact interface and SIMS measurements were 
performed to understand and explain the above trends in contact parameters, Voc and FF.  
Figure 7.4 shows the SEM images of the Ag-Si contact interface formed at 840° C/120 
ipm using pastes with ultra-fine, small, and large Ag particles. SEM images again showed 
that the bulk of the Ag grid and the Si emitter surface is separated by a glass layer of 
varying thickness.  In addition, there are Ag crystallites embedded into the Si surface. 
These Ag crystallites are formed during the cool-down stage when the dissolved Ag in 
the glass layer precipitates onto the Si surface. It has been suggested in the literature that 
Ag crystallites serve as current pick-up points, and conduction from the Ag crystallites to 
the bulk of the Ag grid takes place via tunneling through an ultra-thin glass layer above 
some of these crystallites [78].   As a result, the size, number, and distribution of these Ag 
crystallites, as well as the thickness of the glass layer, play a critical role in determining 
contact, series, and shunt resistances of the cell. For example, very few or non-uniformly 
distributed Ag crystallites with a thick glass layer would increase Rs. Similarly, if the size 
of the crystallites becomes too large and starts to approach or exceeds the p-n junction 
depth, then it could increase Jo2 and decrease Rsh, Voc, and FF of the cell. In the following 
section, an attempt is made to correlate the particle size and interface structure to the 
electrical performance of the contacts and solar cells.  
Figure 7.4(a) shows that the use of ultra-fine Ag particles gives rise to a denser 
Ag gridline bulk with a fairly uniform and thick (generally ~200-nm thick) glass layer 
between the Ag gridline and the Si surface in most regions. In addition, spherical Ag 
particles were found to be suspended in the glass layer. The presence of a thick glass 
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layer resulted in high macroscopic specific contact resistance (≥7 mΩ-cm2), high series 
resistance (1.4 Ω-cm2), and lower FF (~0.75) for this paste.   In addition, Ag crystallites 
were not observed in some regions. Ultra-fine particles cause the particles to coalesce or 
sinter rapidly during firing, which may reduce the dissolution of Ag into the glass frit, 
resulting in a more dense Ag bulk and reduced super-saturation and precipitation of Ag 
upon cooling.  
 
Figure 7.4(b) shows that a small Ag particle size gave a large number of small Ag 
crystallites (~80 nm) embedded into the Si emitter surface along with a very thin glass 
layer (~20 nm) in many regions.  A large number of Ag crystallites increases the contact 
Figure 7.4. SEM images of the Ag-Si contact interface for (a) ultra-fine Ag particle paste, 
(b) small Ag particle paste, and (c) large Ag particle paste. The contacts were fired at 
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area fraction and a thin glass layer improves the probability of tunneling from Ag 
crystallites to the Ag grid.  This may explain why small particle size gave good ohmic 
contact (ρcm=1.7 mΩ-cm2), contributing to low Rs (~0.5 Ω-cm2) and a high FF of 0.782. 
Notice that because the penetration depth of the Ag crystallites into the emitter is small 
(~80 nm), relative to the 0.3 µm deep junction, the shunt resistance was highest (~75,000 
Ω-cm2) and Jo2 was lowest (~22 nA/cm2) for this paste.  
Figure 7.4(c) shows that larger Ag particles gave rise to large Ag crystallites at 
the contact interface with a widely varying thickness of the glass layer (very thin in some 
regions and thick in others) between the Ag gridline and the Si emitter. Unlike most 
pastes, there were also few direct Ag bulk/Ag crystallite connections at the interface for 
this large particle sized paste. Large particle size slows the sintering process, resulting in 
more dissolution of Ag into the glass, which in turn leads to a large number of larger Ag 
precipitates or crystallites at the interface. These factors should increase the tunneling 
probability and current transport, which explains the observed low specific-contact 
resistance of (0.24 mΩ-cm2) for this paste. However, it does not explain the somewhat 
lower fill factor (0.76 as opposed to ≥0.78 for small Ag particle size). Larger Ag 
crystallites could also increase the Ag penetration and diffusion into the emitter. These 
two factors may explain the observed higher Jo2 (~85 nA/cm2) and somewhat lower FF 
for larger Ag particle size. 
 
7.3.1.3 Physical Model to Explain the Correlation between Particle Size and Contact   
            Interface Structure  
 
During the firing process, the lead silicate glass softens and melts first and then 
starts dissolving the Ag particles. Upon further heating, this mixture (lead oxide + silver) 
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fluidizes and starts to etch the silicon nitride layer via a redox reaction [77].  Finally, 
upon cooling, silver and lead separate according to the phase diagram and Ag crystallizes 
at the Si surface [78, 81]. During the firing cycle, Ag particles in the paste also start to 
sinter or coalesce via the inter-diffusion of atoms between the metal particles that are in 
contact, resulting in neck formation between the spherical particles [73]. Good sintering 
results in the formation of solid blocks of Ag and a more compact structure, which tends 
to decrease the dissolution of Ag in the glass because a smaller surface area would be 
available for dissolution. The smaller the particle size, the easier the inter-diffusion of 
atoms and the quicker the sintering, resulting in smaller dissolution of Ag into the molten 
glass layer.  In the case of ultra-fine particles, the dissolution is much less, reducing the 
super-saturation and precipitation of Ag upon cooling. Therefore, very few or no Ag 
crystallites were detected at the interface.   
           According to the above model, the dissolution of Ag should increase when the 
particle size is increased from ultra-fine to small in the paste. This produced a large 
number of small (~80 nm in depth) Ag crystallites at the Ag-Si contact interface at the 
end of the firing cycle. For this paste, the crystallites were embedded within a shallow 
depth (≤ 100 nm) of the surface of the Si emitter, indicating a very mild etching of Si by 
the PbO glass-Ag melt. In addition, the glass was not thick in many regions and Ag 
crystallites were distributed quite uniformly and were frequently observed across most of 
the Ag-Si interface. This explains the acceptably low contact resistance (Fig. 7.1) with no 
appreciable junction shunting.  
            Based on the sintering model, larger particles should lead to even more Ag 
dissolution in the glass frit, and consequently the re-grown Ag crystallites were found to 
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be larger for the larger Ag particle paste, both laterally (≤500 nm) and in depth (~0.21 
µm). This makes the device more vulnerable to shunting for high sheet-resistance shallow 
emitters. Notice that most variation in the glass layer thickness at the interface was 
observed for the larger particle sized contact (Figure 7.4(c)), even though the glass frit 
chemistry was the same for all the pastes.   In addition, the bulk of the Ag gridline at a 
few locations was found to be in direct contact with the Si emitter with ultra-thin or 
virtually no glass layer in between.  
             SIMS measurements were taken through the emitter region and Ag concentration 
was measured at and near the p-n junction.  Figure 7.5 confirms that the Ag concentration 
increased by more than an order of magnitude around the p-n junction for the large 
particle sized paste, supporting the reason for the highest Jo2 value (~85 nA/cm2).   These 
results also agree well with Van Craen et al. [111], who showed that a Ag concentration 
of greater than 1015 cm-3 at the p-n junction starts to cause a degradation in cell 
performance. 
  Based on the above results and observations, a physical model for contact 
formation is proposed to explain the difference in contact interface structure for the 
different Ag particle sizes. The proposed model is based on the competition between Ag 
sintering and Ag dissolution in the glass frit during the firing process, which seems to 
explain the effect of particle size on cell parameters. In general, finer particles will show 
faster neck growth and need less sintering time [68]. Coalesced Ag particles of the Ag 
bulk sintered into compact, almost round structures were only observed for the ultra-fine 
Ag particle sized paste for ~740-750° C/120 ipm contact firing. Hence, in the case of the 
ultra-fine particles, Ag sintering and surface inter-diffusion between particles occurs 
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rapidly before appreciable amount of Ag could dissolve in the glass frit. Less dissolved 
Ag reduces the super-saturation required to re-grow the Ag crystallites into the Si emitter 
surface during cooling.  In the case of the large Ag particle size, sintering takes longer 
because surface inter-diffusion is not as rapid as in the case of very fine particles.  This 
provides more time, surface area, and opportunity for Ag dissolution in the glass frit 
before solid blocks of Ag are formed and sintering takes effect.  As a result, the glass frit 
is adequately supersaturated to allow the precipitation and re-growth of a large number of 
Ag crystallites (Fig. 7.4(c)).  This model also explains why particle size can influence the 
glass layer thickness.  For example, in the case of ultra-fine particles, rapid and more 
complete sintering leads to a more compact and less porous Ag grid block above the glass 
layer.  As the Ag particles sinter, voids between the particles shrink and eventually 
disappear, causing more of the liquid glass trapped in these voids to seep down to the 
contact interface, resulting in a thicker and uniform glass layer.  Because of the rapid 
sintering of the ultra-fine particles, less Ag surface area is available to dissolve in the 
glass frit. Thus, less Ag will precipitate (also irregularly distributed) at the contact 
interface, as observed in Figure 7.4(c). Suns-Voc measurements indicate that the ultra-fine 
paste Ag grid results in ~100 fA/cm2 decrease in the saturation current density 
(Jo1=Joe+Job). This indicates a lower emitter saturation current density (Joe) since the base 
saturation current density (Job) is the same for all the cells (i.e., the same base resistivity 
and Al back-surface field). This result is consistent with the observed fewer Ag 
crystallites (Figs. 7.6(a) and 7.7(a)) and the lack of direct bulk Ag-Si emitter contact (Fig. 
4(a)) for the ultra-fine Ag particle sized paste, because it reduces metal induced emitter 
recombination and produces the highest Voc. However, some ultra-fine particles may not 
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sinter during the fast firing process and they remain trapped or suspended in the glass 
layer, as observed in Figure 7.4(a). In the case of the large Ag particles, sintering is slow 
and a more porous Ag grid is formed. Since the larger Ag particles do not sinter into a 
compact structure, some glass may be trapped in the pores, resulting in a more non-
uniform glass layer thickness at the Ag-Si interface The glass is therefore thin in regions 
where Ag particles are in close contact with each other or with the Si surface, and it is 
thick where there are voids.  To observe the Ag crystallites from the top view, the Ag 
grid was first etched in nitric acid, followed by etching the glass layer in a HF acid dip 
without affecting the Ag crystallites embedded into the Si emitter. Optical microscopy 
was performed at 5,000X to see the top view. 
 
The top view of the contact interface was investigated for contacts fired at 840° C 
(Fig. 7.6) and 750° C (Fig. 7.7) to support the above model.  It is clear that the Ag 
precipitation is greater at 840° C for the large Ag particle sized paste compared with the 
Figure 7.5. Junction leakage current and Ag concentration at the p-n 
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small and ultra-fine pastes. This supports our model because higher temperature increases 
the Ag dissolution in the glass frit causing larger and/or more frequent Ag crystallite 
precipitation as shown in the previous chapter. However, comparing Figures 7.6(b) and 
7.7(b), the small Ag particle size shows the least change in the distribution and size of Ag 
precipitation with temperature change.  This possibly supports our hypothesis that the 
sintering and Ag dissolution in the glass frit occur more or less together for the small Ag 
particle size.  The small Ag particle sized paste shows the most regular distribution of Ag 
crystallite precipitation. Figure 7.8, showing the cross-section SEM of the contact 
interface for the different particle sized pastes, also confirms this result, as shown in 
Figure 7.8(b) for the small Ag particle sized paste.  
Figures 7.6 and 7.7 show that for large particle size, the contact area fraction is 
larger for 840° C firing relative to 750° C. However, the series resistance is similar (~0.3-
0.4 Ω-cm2) for both firing conditions. This is because the macroscopic specific-contact 
resistance remains very low (~0.3 mΩ-cm2) (Figs. 7.1 and 7.9) to influence RS  for the 
large Ag particle sized paste for both firing conditions. Note that for the large particle 
sized paste fired at 750° C, ultra-thin glass regions or direct connections between the Ag 
gridline bulk and the Ag crystallites have been observed (Fig. 7.8(c)).  This indicates that 
the frequency of the thin glass layer is equally or more important than the frequency of 
Ag crystallites.  Note that the simultaneous presence of both Ag crystallites and thin glass 
layer is believed to be necessary for the tunneling process.  
The large particle size paste also shows a greater variation in the depth topology 
of the emitter surface, as shown in the plane-view AFM images in Figure 7.10.  An 
enhanced variation in the surface depth suggests that more Ag dissolved in the glass has 
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precipitated onto the Si emitter surface. Ag precipitates were etched away before the 
measurement.  For large Ag particle size, Ag crystallites for 750° C firing were only 
≤100 nm in depth as opposed to ≤210 nm for the 840° C firing. SIMS measurements 
showed that Ag concentration near the p-n junction was ~2×1015 cm-3 for both (Figs. 7.5 
and 7.11), indicating a similar trend for different firing temperatures. Based on these 
SIMS results and the SEM images of Figures 7.6 and 7.7 the cause of the enhanced Ag 
diffusion for the large particle size paste could be explained as follows:  
1- More Ag precipitation implies that precipitation occurs earlier for this contact 
(Fig. 7.12). This is because super-saturation during cooling probably occurs faster 
for the larger Ag particle size contact.  Consequently, Ag diffusion will start to 
take place at a higher temperature, which would enhance the Ag diffusion.  
2- The original area where Ag precipitates on the Si emitter surface is larger for 
large Ag particle size. Thus, the average diffused Ag beneath the contact will be 
higher since the SIMS beam spot size was 40 µm in diameter. 
          It is important to note that the results shown in this work may be different for 
different glass frit chemistry and firing scheme. However, for this study we have used a 








































Figure 7.6. Top-view SEM images of the contact interface showing 
Ag crystallite precipitates after removal of the Ag gridline bulk and 
glass frit for 840° C/120 ipm firing for (a) ultra-fine, (b) small, and 




























                                   
                                   




















Figure 7.7. Top-view SEM images of the contact interface showing Ag 
crystallite precipitates after removal of the Ag gridline bulk and glass frit 
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Figure 7.9. Measured specific contact resistance for the different Ag particle 
sized pastes fired at 750° C/120 ipm. 
Si
Glass 




Figure 7.8.  SEM images of the Ag-Si contact interface for (a) ultra-fine Ag 
particle paste, (b) small Ag particle paste, and (c) large Ag particle paste. The 
contacts were fired at 750° C/120. ipm. 
Si 



























































Figure 7.10. Plane-view AFM images of the A-Si contact interface for (a) ultra-fine 
particle paste, (b) small particle paste, and (c) large particle paste. The Ag gridline 
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Figure 7.12. A schematic showing the firing cycle and the points where the Ag 
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Figure 7.11. Ag concentration close to the p-n junction for the 
different Ag particle sized pastes fired at 750° C/120 ipm. 
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7.3.2 Effect of Ag Particle Morphology on Screen-Printed Contacts and  
         Cell Performance  
 
      Pastes 33-456 and 33-462(E) were formulated with identical glass frit chemistry 
and particle size (large), but a different Ag particle morphology (flake versus spherical). 
Table 7.3 shows that the flake morphology in paste 33-456 gave higher Voc and FF 
compared to paste 33-462(E), with large spherical Ag particles for identical firing 
conditions (840° C/120 ipm or 750° C/120 ipm). This resulted in ~0.7% higher absolute 
efficiency (17.2%) for the flake morphology compared to 16.5% for the spherical particle 
paste 33-462 (E), as shown in Table 7.3. Dark-IV analysis revealed a higher junction 
leakage current (Jo2) of ~85-120 nA/cm2 and n factor (1.24) for the large spherical 
particle size of paste 33-462(E) compared to a Jo2 of ~30 nA/cm2 and n factor of 1.08 for 
the flake particle morphology. However, regular or medium size spherical particles in 
paste 33-462(D) gave cell parameters comparable to the flake morphology (Table 7.3), 






7.3.3 Effect of Solids (Ag+frit)  Content on Contact Quality and Cell 
Performance 
 
 Pastes 33-455 (HS) and 33-455 (LS) have identical glass frit chemistry and Ag 
particle shape and size, but different (higher content of ~90% and lower content of ~80%) 
solids content. We did not observe an appreciable difference in cell performance as a 
result of solids content. As shown in Table 7.4, the Voc, FF, and ρc are similar for both 
Table 7.3: Performance of spherical versus flake Ag particle morphology. 
 
 178
pastes. The firing process used for this study was 750° C with a belt speed of 120 ipm. 
Notice that very good untextured FZ cell efficiencies of ~17.4% were achieved in both 








7.3.4 Effect of Glass frit Chemistry and its Transition Temperature  on 
Contacts and Cell Performance 
 
7.3.4.1 Effect of Glass Transition Temperature on the Contact Behavior for  
            Different Firing Temperatures and Belt Speed 
 
             In the previous sections it was established that small to medium size spherical Ag 
particles (~0.8 mm) are good for the contacts and that the solids content of the paste has 
no significant influence on contact quality. In this section, a blend of small- to medium-
sized Ag particles was selected for the different glass chemistries.  The glass transition 
temperature (Tg) was changed to see how it affects the contacts. It is important to realize 
that a lower Tg glass with low softening point starts to fluidize at lower temperatures and 
can increase the thickness of the glass. The effect of glass frit in the Ag paste was studied 
for different firing schemes to understand the interaction of frit chemistry and firing 
temperature.   The effect of 830-840° C firing at a belt speed of 80 ipm on high (90-95 
Ω/sq) and low (40-45 Ω/sq) sheet-resistance emitters was studied (Fig. 7.13). On the 90-
95 Ω/sq emitter, paste 33-455 with lower Pb content in the glass and a higher Tg gave a 
FF of less than 0.70 because of high series resistance  (2.6 Ω-cm2) and contact resistance 
(7.5 mΩ-cm2). The same high Tg paste gave Rs of ~0.643 Ω-cm2 on the 40 Ω/sq emitter. 
Table 7.4: Effect of solids content on cell performance. 
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Pastes 33-452 and 33-462, which have low glass transition temperatures but different 













SEM images (Fig. 7.14(b) and (c)) of the Ag-Si interface fired at 840˚C/80 
ipmshow an increase in the number and size of Ag crystallites for the lower Tg glass frit 
(GF2).  This is because the lower Tg glass frit dissolves more Ag during the firing 
process, and produces larger and more frequent Ag precipitates upon cooling.  The size of 
Ag crystallites is much larger for lower Tg frit (~800 nm in width for paste 33-452 and 
150 nm for paste 33-455). However, when paste 33-455 is fired at the same condition 
(840° C/80 ipm) on a 40 Ω/sq emitter, the Ag crystallites at the Ag-Si interface grow up 
to 600 nm in width. This may suggests that the higher P concentration in the 40 Ω/sq 
emitter may help enhance the dissolution of Si by the glass frit (Fig. 7.14(a)), which may 
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Figure 7.13. Response of Ag pastes with different glass frit Tg on 
90-95 Ω/sq emitters fired at ~840° C/80 ipm.
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Ag crystallites at the interface improves the probability of encountering thin glass regions 
for tunneling, resulting in lower ρcm (Fig. 7.14).   










Next, the use of conventional (750° C) firing with faster belt speed was compared 
to the above 840° C firing.   Figure 7.15 shows that high FFs were achieved on 100 Ω/sq 
emitters at 840° C with 120 ipm belt speed for all three pastes. However, at 750° C firing, 
high FF was achieved only for medium-high Tg glass pastes (33-462 and 33-455) from 
Ferro Corporation.  This demonstrates that, unlike the case with the PV168 Ag paste, a 
high firing temperature of ~835° C is not necessary to achieve a good ohmic contact to 
the 100 Ω/sq emitter provided high Tg glass and fast belt speed are used. However, glass 
frits GF1 (33-460) and GF2 (33-452) gave significantly lower FFs for the 750° C firing. 
Figure 7.15 shows that this is primarily due to higher series resistance resulting from 
higher macroscopic specific contact resistance. Thus, the glass frit chemistry dictates 
whether good ohmic contacts can be achieved at the desired firing temperature. Paste 33-
460, which has a low Tg glass and is less aggressive, gave poor FFs (0.686) at lower-
Figure 7.14. SEM images of (a) paste 33-455 fired on a 40 Ω/sq emitter, 
and pastes (b) 33-455 fired on a 90-95 Ω/sq emitter, and (c) 33-452 
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temperature firing. However, for the 840° C firing, paste 33-460 gave excellent FFs of 
0.789. Paste 33-452, which has a lower Tg compared to paste 33-455, gave a lower FF of 
0.710 at 750° C firing temperature, which increased to ~0.777 at 840° C firing (Fig. 
7.15). This increase in FF was reflected in a decrease in ρcm from 9.07 mΩ-cm2 to 1.09 
mΩ-cm2. The highest fill factors were achieved for the higher Tg pastes 33-462 and 33-
455 due to the low series resistance. Paste 33-455, which has a higher Tg (less fluid) and 
is less aggressive, also showed a slight improvement in FF, from ~0.777 to ~0.783 when 
going from the 750°C/120 ipm to the 840°C/120 ipm condition after forming gas anneal. 
Thus, the combined effect of glass Tg, firing temperature, and belt speed can be 
summarized as follows: 
1- Lower Tg glass gives high FFs at 840° C for both faster (120 ipm) and slower (80 
ipm) belt speeds because even though low Tg gives a thick glass layer, the high-
temperature firing followed by forming gas anneal (FGA) allows more metal 
precipitates to form in the glass to promote tunneling through the thick glass. 
2- High Tg (less fluid) glass gives high FFs only at faster belt speeds (for both 750° 
C and 840° C firing temperatures) because faster belt speed helps to form thin 
glass regions, which promotes tunneling. 
3- For conventional firing conditions (750° C/120 ipm) the paste should have 
medium to high Tg glass to achieve good FFs. The low Tg glass (GF1 of paste 33-
460) does not work well with conventional (700-750° C) firing temperature 
because the glass layer is always too thick due to the high fluidity of the glass and 














According to [78], metal precipitates in the glass are only observed in over-fired 
(~840° C) samples. It is possible that for the lower Tg glass frits (GF1 and GF2), metal 
precipitates are not present in the glass layer at lower firing temperatures (~750° C, 120 
ipm) to assist the current transport, which then takes place via tunneling through ultra-
thin glass regions between the Ag crystallites and the bulk Ag. In this case, FGA would 
not be expected to play an important role. Rather the thickness of the glass layer would 
become more important for better current transport. 
        The above study shows that the combination of glass frit (Tg) and the firing 
process plays an important role in achieving good contact to high sheet-resistance 
emitters because it dictates the thickness and conductivity of the glass layer, Ag 
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Figure 7.15. Effect of glass frit chemistry and firing temperature on 
the FF of solar cells.
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Figure 7.16 demonstrate the presence of Ag precipitation within the glass layer formed 












To further understand the effect of Tg on the contact formation, SEM images were 
obtained for the three glass frit types (GF1, GF2, and GF4). Figure 7.17 shows that the 
glass frit with lower Tg (GF1) gave a thicker glass layer compared to the higher Tg glass 
frit (GF4).   Thinner glass layers should result in lower contact resistance [120, 123, 124], 
and faster firing is expected to give thinner glass regions by reducing the time for the 







Figure 7.16. TEM/EDS analysis of Ferro paste glass layer at the contact interface 
showing Ag and Si precipitation. (Courtesy of Ferro Corporation) 
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Figure 7.18  shows that the low Tg glass frit (paste 33-460) resulted in larger and 
more frequent distribution of Ag crystallites compared with the higher Tg glass frit (paste 
33-462).  This is because the lower the glass Tg, the earlier the glass starts to flow during 
the firing cycle. This allows the glass to interact with the Ag particles for a longer period 
of time during firing. Lower Tg also allows the glass to dissolve the Ag before it 
completely sinters, resulting in more Ag dissolution and hence more precipitated Ag 
crystallites.  The lower Tg glass is thicker after firing because it is more fluid so less of it 
is retained within the bulk of the bulk Ag grid. 
Figure 7.19 also illustrates the formation of very thin glass regions for paste 33-
455 with high Tg compared to the 33-460 paste with low Tg. The Ag crystallite 
precipitation on the Si emitter surface is significantly less for the 33-455 paste compared 
to the 33-460 paste. 
Figure 7.17. SEM images showing the effect of glass Tg on the Ag-Si contact 
interface. 






































           
(b) 
Figure 7.18. SEM top-view images of the contact interface for (a) 

























                                                                                    
                                   
(a) Paste 33-455 contact interface top-view.
1 µm
 
                                   
(b) Paste 33-460 contact interface top-view.
1 µm
 
                                   
(c) Paste 33-455 cross-section of the contact interface.
1 µm  













Figure 7.19. SEM images showing the top-view of the contact interface showing Ag 
crystallites precipitation for pastes (a) 33-455 and (b) 33-460. Low-angle cross-
section SEM images of the contact interface showing the glass thickness for pastes 












(d) Paste 33-460 cross-section of the contact interface.
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7.3.4.2 Formulation and Investigation of a Novel Fast Crystallizing Glass Frit with 
High Tg 
 
Based on the above understanding, a new paste (33-455) was formulated by Ferro 
Corp. that has high Tg glass but crystallizes rapidly after reaching high temperatures to 
produce thinner glass regions. In addition, rapid crystallization of the glass at higher 
temperatures freezes the glass early so Ag crystallites are not allowed to fully precipitate 
from the glass. As a result, smaller Ag crystallites and less Ag diffusion are achieved, 
which reduces the probability of junction shunting. Finally, more Ag precipitates and up 
in the glass, which could help metal assisted tunneling through the glass layer. Thus, this 
paste should have most of the ingredients for good contacts. The new paste (33-455) was 
formulated by adding some modifiers that provide nucleation sites to promote early 
crystallization near the peak temperature during firing, just before or after the cooling 
starts. Again solar cells were fabricated and analyzed by electrical and physical 
characterization tools. 
SEM cross-section of the contact interface for this paste in Figure 7.20 shows 
smaller Ag precipitates on the Si emitter surface, resulted in lower junction leakage 
current, Jo2 of 12 nA/cm2, and a higher Voc of ~645 mV compared to Jo2 of ~25 nA/cm2 
and Voc of ~640 mV for the conventional glass of paste 33-462, which produced larger 
Ag crystallites that contributed to the higher Jo2. 
The contact interface with smaller Ag crystallites and thinner glass layer in Figure 
7.20 for paste 33-455 can be explained by a following model. Since the glass crystallizes 
fast, it becomes less fluid and dissolves less Ag for a shorter period of time compared to 
the counterpart conventional paste 33-462. More importantly, rapid crystallization 
reduces the time for Ag precipitation from the glass layer. These two factors lead to 
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smaller Ag crystallites. More dissolved Ag is probably retained within the glass layer 
when it crystallizes, fewer precipitates are observed on the Si emitter surface compared to 
paste 33-462. In fact it was found that it was harder to etch the glass layer of paste 33-455 
(Fig. 7.21(a)), which supports the presence of more Ag in the glass. 
Rapid crystallization of the glass also results in a reduced flow of the glass, which 
helps in the formation of thinner glass regions to promote tunneling. This is shown in 

















Figure 7.20. SEM cross-section images of the Ag-Si contact interface for (a) high Tg 






















To prove the concept that the rapidly crystallizing glass frit of paste 33-455 helps 
enhance FF and Voc by decreasing the size of Ag crystallites, another fast crystallizing 
glass paste (A203-7A) was formed with large Ag particles. Recall that junction shunting 
degraded the Voc and FF for these large particles, but by converting it into a rapid 
          
          
(a)  
 
        
(b) 
Figure 7.21. Top-view SEM images of the contact interface after 2.5 % HF 




crystallization paste reduction of the Ag crystallite size may be possible and higher fill 
factors may be expected. Indeed, when this was done, FF and Voc increased, resulting in 
~0.5% increase in cell efficiency. The enhancement in Voc for the medium and large 
particle sized pastes resulting from the fast crystallizing glass frit is shown in Figure 7.22. 
Detailed cell analysis showed that this enhancement in Voc is mainly due to a decrease in 
Joe from ~500 fA/cm2 to ~320 fA/cm2, probably because of the reduced metal coverage 
and smaller Ag crystallites. Jo2 also decreased from ~35 nA/cm2 to ~15 nA/cm2 as a result 






















































































Figure 7.22. Enhancement of (a) Voc and (b) efficiency for the 
medium (paste A203-7B) and large particle size (paste A203-
7A) pastes by using a fast crystallizing glass of paste 33-455. 
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7.3.4 Effect of P Self-Doping from the Ag Paste 
              This study was conducted to demonstrate that enhanced performance from paste 
constituents in the previous sections is not related to phosphorus injection or self-doping 
from the paste. Instead it is due to the intended functionality of the ingredients. To 
accomplish this, cells were fabricated on 100 Ω/sq emitters and analyzed to show that 
self-doping P contained in the paste does not influence the contact quality. The 840° C 
120 ipm firing (Table 7.5) was used for this study. Results in Table 7.5 show that low ρc 
(≤1 mΩ-cm2) and high FFs (>0.77) were achieved for pastes with and without P self-
doping. Moreover, for lower firing temperature (~750° C, 120 ipm), where P doping is 
not expected to take place because of the low solubility of P in Si, high FFs (~ 0.78) were 
achieved. Paste 33-455, which has no P self-doping, gave a FF of 0.783. Thus, P self-











7.3.5 Fabrication of High-Efficiency Cells on 100 Ω/sq Planar Emitters  
This section demonstrates that, consistent with our understanding and analysis of 
contact interface in the previous sections, high-efficiency cells can be achieved from the 
two most desirable pastes − 33-462 and 33-455. Figure 7.23 shows that untextured FZ 
cell efficiencies as high as 17.4% on 100 Ω/sq emitters were achieved. Sometimes there 
Table 7.5: Effect of P self-doping on ρc and FF. 
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is a slight scatter or non-uniformity in the cells made on the 100 Ω/sq emitter. Fill factors 
are generally high for the 40 Ω/sq-emitter cells because of the lower sheet-resistance loss. 
However, when a good ohmic contact is achieved on 90-100 Ω/sq emitters with a good 
surface-passivation, a clear improvement of ~0.2-0.4% in absolute efficiency is observed 
over the ~40 Ω/sq emitter. Tables 7.6 and 7.7 show the best and average cell efficiencies 
achieved on 100 and 40 Ω/sq emitters using the Ferro paste 33-462. Figure 7.23 shows 
the best spatial distribution for the nine 4-cm2 cells on a 4-in diameter FZ wafer. This was 
obtained using the Ferro paste 33-455 and a firing condition of 840° C/120 ipm, followed 
by forming gas anneal (FGA). These cells had an average FF of 0.779 and an average 
efficiency of 17.2%. Figure 7.23(b) shows that for the rapidly crystallizing glass in paste 
33-455, high-efficiency cells were achieved by 750º C firing conditions.  It is also 
important to note that the glass of paste 33-455 also has a lower lead content (~40% 






Table 7.6: 90-100 Ω/sq-emitter cells using paste 33-462. 





















           This chapter showed that good ohmic contacts can be achieved directly onto a high 
sheet-resistance emitter by proper formulation of the glass frit chemistry, particle 
morphology, and firing condition.  The Ag particle size used in the screen-printed Ag 
paste is found to influence the structure of the contact interface, quality of ohmic 
contacts, and the Voc and FF of solar cells. Particle size affects the junction leakage 
current, contact and series resistance, as well as emitter saturation current density. For the 
five, carefully formulated pastes investigated in this study with different particle size, the 
Ag-Si contact interface changed dramatically as the Ag particle size was varied from 
ultra-fine to large. It was found that small spherical Ag particles gave the best fill factor 
and Voc.  This is attributed to the lower junction leakage current (~20 nA/cm2) and 
acceptably low contact resistance (1.7 mΩ-cm2) and series resistance (~0.6 Ω-cm2). The 
contact interface showed a large number of small and more uniformly distributed Ag 
crystallites (≤80 nm) at the interface in conjunction with a fairly thin and uniform glass 
layer between the Ag crystallites and the grid.  This resulted in low series resistance as 
Figure 7.23. The efficiency distribution of nine 4 cm2 cells on a 4 in  FZ Si wafer on a 






16.0 17.4 17.4 
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16.7 17.1 7.0 
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well as low junction leakage current.  SEM images revealed that the contact interface for 
large Ag particles contains significant number of large Ag crystallites as well as ultra-thin 
glass region, resulting in low specific contact resistance (0.24 mΩ-cm2).  The enhanced 
Ag precipitation at the Si emitter surface resulted in a higher Ag diffusion into the Si 
emitter for the large particle sized paste. Finally, ultra-fine Ag particles showed a fairly 
uniform and moderately thick glass layer with fewer and more irregularly distributed Ag 
crystallites. This resulted in higher macroscopic specific-contact resistance (~7 mΩ-cm2) 
and lower FF (0.754).  Ultra-fine particles undergo rapid sintering, thus reducing 
dissolution of Ag into fluidized glass and leads to the reduced precipitation of Ag 
crystallites at the interface.  Because of tunneling-assisted carrier transport, the fraction of 
thin glass regions is very critical in reducing the macroscopic contact resistivity.  Further 
understanding of the effect of the paste constituents and firing conditions on the contact 
interface can lead to the development of even better, more reproducible, and higher-
performance screen-printed contacts in the future. 
After establishing the role and the requirements for Ag particle size, glass frit 
chemistry was altered in the paste by changing its aggressiveness or glass transition 
temperature. Low Tg glass softens early, dissolves more Ag, and flows more easily to 
form a thicker glass layer.  It was found that a glass frit with a high Tg (less fluid) makes 
better contact to the Si emitter at conventional firing conditions (750° C/120 ipm). Also, 
a glass frit with a low-medium (more fluid) Tg appears to be less sensitive to firing time. 
Glass frit primarily determines the optimum firing temperature. A fast crystallizing glass 
with high Tg was demonstrated to be even better, further enhancing the Voc and cell 
efficiency because of reduced shunting and junction leakage. It was found that low Tg frit 
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does not work well with conventional firing temperature of 750° C because it forms a 
uniform and thick glass layer between Ag crystallites and Ag grid, and there are also not 
enough metal precipitates in the glass to provide adequate tunneling. However, low Tg 
glass gave good contact and FF at higher firing temperatures of ~840° C in conjunction 
with a 400° C forming gas anneal, which helps the formation of enough metal 
precipitates in the thick glass layer to promote tunneling. High Tg glass works well with 
higher belt speeds because, even though it forms fewer Ag crystallites, it ‘freezes’ the 
glass quickly to give a higher fraction of thin glass regions, which helps the tunneling 
probability.  Based on the understanding of the particle size and frit chemistry, a novel 
paste was formulated (by Ferro Corporation) that had a blend of small-medium Ag 
particles, high Tg glass, and modifiers to nucleate rapid crystallization at higher 
temperatures. This reduces the Ag crystallite size to prevent shunting, increases the 
fraction of thin glass regions to assist direct connections or tunneling to take place, and 
increases the metal precipitation within the glass layer to help metal-assisted multi-step 
tunneling. All these features contributed to a very high FF of 0.783 on 100 Ω/sq emitter 
with planar cell efficiencies as high as 17.4%. This represents about a 0.4% increase in 





SOLAR CELLS ON LOW-COST SI 





          In the previous sections only high-lifetime FZ substrates were used for the 
development and understanding of the screen-printed contacts and solar cells with high 
sheet-resistance emitters.  In this section, low-cost Si substrates, which account for ~60% 
of the PV modules produced today, are used to study the benefit of the lightly doped 
emitter. EFG ribbon Si is a promising material for low-cost, high-efficiency solar cells 
because it eliminates the need for mechanical sawing and damage etching. As a result, 
kerf loss is eliminated.  EFG Si is produced by RWE Schott Solar, Inc., which is the 
current leader in production volume for Si ribbon solar cells [125]. However, like most 
low-cost mc-Si materials, EFG Si contains a high concentration of impurities and 
crystalline defects, which degrade the as-grown minority-carrier lifetime to less than 5 µs. 
This is not sufficient for high-efficiency cells (>15%). Hence, it is essential to enhance 
the bulk lifetime during cell fabrication to obtain high-efficiency screen-printed EFG Si 
cells. High sheet-resistance emitter cells were also fabricated in this chapter on CZ and 
cast multicrystalline HEM substrates with 1.3 Ω-cm base resistivity. Screen This chapter 
describes the development and implementation of a simple and rapid firing process that 
produced for the first time screen-printed EFG Si ribbon cells with efficiency greater than 
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16% through the development of high-quality screen-printed contacts on a 100 Ω/sq 
emitter with high bulk lifetime in finished devices exceeding 100 µs.   
 
8.2  Experimental Method 
            In this study, 2×2 cm EFG Si ribbon cells were fabricated by a co-firing process 
on a 100 Ω/sq emitter using screen-printing technology and belt-line processing.   A 
simple n+-p-p+ cell design was used with a single-layer AR coating and no surface 
texturing. Cells were fabricated on p-type, 300-µm thick, 3 Ω-cm EFG Si.  EFG Si wafers 
were provided by RWE Schott Solar, Inc. Cell fabrication involved phosphorus diffusion 
in a POCl3 furnace to form a 100 Ω/sq emitter. A single-layer SiNx AR coating was 
deposited on top of the n+ emitter in a commercial low-frequency PECVD reactor. A 
commercial Al paste (Ferro FX 53-038) was screen printed on the entire back side and 
dried at 200° C. The front metal grid was then screen printed on top of the SiNx AR 
coating using PV168 Ag paste from DuPont, which gave high-efficiency cells on the   
100 Ω/sq emitter in Chapter 5. The samples were then co-fired rapidly in a three-zone 
lamp-heated belt furnace at a set temperature of > 900° C and belt speed of 120 ipm to 
simultaneously form the Al-BSF and front grid metallization. The firing process was 
modified slightly, relative to the one developed in Section 5.2.   The firing process 
involved a faster belt speed of 120 ipm instead of 80 ipm, while the peak temperature was 
~840° C.  This thermal cycle had faster ramp-up and cooling rates to promote and 
enhance the PECVD SiNx-induced hydrogen passivation of defects in EFG Si [126, 127]. 
The rapid and high-temperature firing may also help in the formation of good-quality 
ohmic contacts to a 100 Ω/sq emitter and prevent high leakage current through the use of 
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a paste like PV168 or the improved Ferro pastes investigated in Section 4.4. At the end of 
the process, cells were annealed in forming gas at 400o C for 15 min.  The final bulk 
lifetime in the cell was measured using a photo-conductive decay minority-carrier 
lifetime tester after etching the metal contacts, back-surface field, the AR coating, and the 
emitter region. 
 
8.3 Results and Discussion 
  EFG cells were fabricated with the above co-firing process on a 100 Ω/sq emitter. 
Table 8.1 shows the lighted current-voltage (I-V) parameters for the screen-printed 
16.1% EFG Si cell achieved in this study with a single-layer AR coating and no surface 
texturing. These results were confirmed by National Renewable Energy Laboratory 
(Golden, CO).  The 3 Ω-cm EFG Si cell had a Voc of 601.5 mV, Jsc of 35.0 mA/cm2, and 
FF of 0.764.  The fast contact co-firing in the belt furnace helped to achieve very 
effective defect hydrogenation in EFG Si, which is supported by a very high average 
lifetime of 103 µs with standard deviation of 43 µs in the EFG Si cell. The as-grown 
lifetime in EFG Si was only ~2 µs.  Nine 4 cm2 cells fabricated on a 10×10 cm2 EFG 
wafer were stripped down to bare Si after cell testing to assess the minority-carrier 
lifetime in the finished devices. Figure 8.1 shows the results of quasi-steady-state photo-
conductance lifetime measurements at several different locations on the wafer containing 
~16.1% cells. These measurements were taken at an injection level of 1.0×1015 cm-3 
using an iodine/methanol solution for surface passivation [128].  Such a high lifetime is 
attributed to the increased retention of hydrogen at defect sites since rapid firing prevents 












Figure 8.2 shows the internal quantum efficiency (IQE) and reflectance of the 
16.1% EFG Si cell. To evaluate the benefit of the high sheet-resistance emitter, IQE 
measurements were taken.  Figure 8.3 demonstrates that the IQE in the short-wavelength 
region for EFG cells improved appreciably because of the successful implementation of a 
lightly doped emitter compared to the conventional 45 Ω/sq emitter cells, which gave a 
Voc of 597 mV, Jsc of 32.5 mA/cm2, FF of 0.770, and efficiency of 15.0%. These results 
demonstrate that high-efficiency screen-printed cells can also be achieved on low-cost 
defective materials using a lightly doped emitter along with simple, rapid, and 
manufacturable cell fabrication processing. A few cells were also fabricated on cast 
multicrystalline Si and monocrystalline Cz Si.  Table 8.1 shows that the 100 Ω/sq emitter 
resulted in EFG, multicrystalline HEM, and Cz cell efficiencies of ~16.4%. The detailed 
processing conditions for both monocrystalline and multicrystalline screen-printed cells 












Figure 8.1. Lifetime distribution in the belt co-fired EFG Si wafer containing 

































































In addition to the PV168 paste, we also investigated Ferro 33-456 paste for EFG 
Si cells because it has the right particle size and glass transition temperature, but it has 
flake morphology instead of spherical. The cross-section SEM study in Figure 8.4 shows 
that this paste also gives a large number of small Ag crystallites and ultra-thin glass 
regions, which are desirable for a good contact.  An efficiency >16.1% was also obtained 
for paste 33-456 from Ferro Corporation as well, with higher uniformity and higher Voc 
(617 mV) compared to Ag paste PV168 from DuPont.  The glass frit and Ag particle 
morphology behavior of paste 33-456 has been studied in Section 7.3.2 and was found to 
give a comparable performance to the medium spherical particle size paste with the same 
medium-high Tg glass frit.  Table 8.2 shows the cell performance data for the EFG cells 
with 100 Ω/sq emitters. Paste 33-456 was found to be the best paste for achieving good-
quality contacts to the EFG Si ribbon emitter surface, indicating that flake morphology 
may be more suitable for ribbon material surfaces. 
 
Table 8.1. High-efficiency cells on 95-100 Ω/sq emitters for EFG and other low-cost   
 Materials using PV168 Ag paste from DuPont. 
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Table 8.2: High-efficiency cells on 95-100 Ω/sq emitters for EFG using 33-456 Ag paste 
from Ferro Corporation. 
 
8.4 Conclusions 
           The results of this study show that it is possible to achieve good contact quality on 
high sheet-resistance emitters even for low-cost multicrystalline and ribbon Si materials. 
This is achieved in conjunction with bulk lifetime enhancement. Lifetimes >100 µs were 
achieved along with the FFs greater than 0.76.  The firing process developed in this 
section involved a fast firing speed (120 ipm), with peak temperature of ~840° C, which 
is similar to the process developed for FZ in Section 5.3.  This prevented junction 
 
    
Figure 8.4. Cross-sectional SEM of the contact interface for paste 33-456.              
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shunting and resulted in high lifetime, indicating enhanced hydrogen retention at defects 
during this firing process.  Cell efficiencies of 16.1% and ~16.2% on EFG ribbon 
substrates using both PV168 Ag paste from DuPont and 33-456 Ag paste from Ferro 
Corporation, respectively, confirmed the robustness of the firing process. High 
efficiencies of >16.3% and >17.5% were also achieved on high sheet-resistance planar 
and textured single-crystal Cz substrates, respectively. 





FABRICATION, AND ANALYSIS OF RECORD 
HIGH-EFFICIENCY SCREEN-PRINTED 






The cost and performance targets of Si photovoltaics can be reached 
simultaneously by enhancing cell efficiency while utilizing low-cost high throughput 
processing [15]. It is well known that front-surface texturing and high sheet-resistance 
emitters can significantly enhance solar cell performance [129-131]. However, prior to 
this research they have not been implemented together using direct screen-printed contact 
to high sheet-resistance emitters (i.e., single-step diffusion and co-firing of the screen-
printed contacts). Therefore, in this chapter, we combine the benefit of high sheet-
resistance emitters and surface texturing to achieve record high efficiency screen-printed 
Si cells.  In Chapters 5 and 7 high fill factors (>0.78) were achieved on high sheet-
resistance planar emitters through the understanding and optimization of the Ag paste and 
firing recipe. This led to the fabrication of ≥17.4%-efficient solar cells on float-zone Si 
with screen-printed contacts on an untextured 100 Ω/sq phosphorus-doped emitter. In this 
chapter an investigation of textured high sheet-resistance emitters is conducted. Detailed 
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modeling of the cell parameters is performed to understand the source of efficiency 
enhancement. 
 
9.2 Experimental Method 
In this study, screen-printed (SP) n+-p-p+ solar cells (4 cm2) are fabricated on 
single-crystal p-type, 300-µm thick (100) float-zone (FZ) substrates. First, textured and 
planar FZ silicon wafers received a standard RCA clean, followed by POCl3 diffusion to 
form the n+-emitter. A diffusion temperature of 843° C was used for the 100 Ω/sq 
emitter, while 878° C was used for the 45 Ω/sq. After the phosphorus-glass removal and 
another clean, a 50 kHz PECVD SiNx AR coating was deposited on the emitter. Next, an 
Al paste was screen-printed on the back side and dried at 200° C.  The Ag grid was then 
screen printed on top of the SiNx film and then the Ag and Al contacts were co-fired 
(single firing step) in a lamp-heated three-zone infra-red belt furnace. Cells were then 
isolated using a dicing saw and subjected to a 400° C 15-min forming-gas anneal. Cell 
performance was characterized by light I-V as well as internal quantum efficiency (IQE) 
measurements for the short-wavelength response. Textured cells were used with a planar 
back to ensure that the base properties were the same when comparing planar and 






9.3 Results and Discussion 
9.3.1 Understanding the Difference in Enhancement Due to the High  
         Sheet-Resistance Emitter in Textured Cells Compared to Planar  
         Cells 
 
After cell fabrication on textured and planar FZ substrates, IQE and reflectance 
measurements were taken. It was found (Figure 9.1) that the short-wavelength response 
for a textured emitter cell was lower than that for the planar emitter cell.  This is largely 
attributed to the higher front-surface recombination velocity because of the ~70% 
increase in surface area resulting from the regular pyramid texturing on the surface. 
However, the lower surface reflectance (Fig. 9.2) resulting from texturing produced a 
8.4% reduction in average weighted reflectance, which corresponds to an increase of 3.94 
mA/cm2 in transmitted current over the planar surface, calculated from the incident 
photon flux and reflectance curves in Figure 9.2. Therefore, the loss in the short-
wavelength response shown in Figure 9.1 is more than compensated by the improved 
surface reflectance to provide appreciable enhancement of 2.7 mA/cm2 in Jsc and 1.2% in 
absolute cell efficiency (Table 9.1) because of texturing on 100 Ω/sq emitter cells. 
However, improvement due to texturing was somewhat less (2.4 mA/cm2 in Jsc and 0.7% 
in absolute efficiency) on the 45 Ω/sq emitter. Model calculations and cell analysis were 








Figure 9.1. Short-wavelength response of planar versus 














planar 100 ohm/sq cell
textured 100 ohm/sq cell
Figure 9.2. Reflectance of planar and textured emitter surface 




















Cell data in Table 9.1 shows that the ~0.4-0.5% higher increase in efficiency for 
textured cells results primarily from a higher ∆Jsc of ~0.3 mA/cm2 for the textured cells 
on the high and low sheet-resistance emitter compared to the planar counterpart (1.1 
mA/cm2 versus 0.8 mA/cm2). The Voc enhancement due to the high sheet-resistance 
emitter was same (10 mV) for textured and planar cells. The enhancement in Jsc is also 
~0.3 mA/cm2 higher for textured cells compared to planar cells with the high sheet-
resistance emitter compared with the low sheet-resistance emitter counterpart (2.7 
mA/cm2 versus 2.4 mA/cm2). There was some scatter in fill factors, but it was 
comparable for the textured and planar cells for both sheet resistances. 
The IQE as well as the spectral response (SR) of all four cells in Table 9.1 was 
analyzed in detail to explain the greater difference in ∆Jsc resulting for the high sheet-
resistance emitter. The short-circuit current is proportional to the spectral response (SR), 
which is expressed as [132]  SR(λ)=IQE(λ)(1-R(λ))⋅(λ/1.24), where IQE is the internal 
quantum efficiency, R is the reflectance of the cell, λ is the wavelength in µm, and λ/1.24 




Table 9.1: Light I-V parameters of 0.6 Ω-cm textured and planar best cells with 45 and 




It is important to realize that IQE is strongly influenced by bulk lifetime and 
surface recombination velocity. Thus, there are three factors that can contribute to a 
greater enhancement in Jsc for the textured high sheet-resistance emitter compared with 
the low sheet-resistance emitter: the greater enhancement in IQE, the greater reduction in 
reflectance, and the greater difference in FSRV.  Texturing results in oblique light 
penetration into the cell which increases the path length and could contribute to 
enhancement in IQE due to texturing. The increased path length increases absorption for 
a textured surface according to αtex=αpl/cos(θ,) where αpl is the absorption for a planar 
surface and θ is the refracted angle  [133]. The effect of the increased optical path length 
due to texturing was simulated in PC1D for 45 Ω/sq and 100 Ω/sq cells. Cell parameters 
including IQE were calculated and compared. Figure 9.4 shows that the short-wavelength 
IQE was almost identical for the 100 Ω/sq textured and planar cells when other device 
parameters (including FSRV) were assumed to be the same. Similarly, the simulated 
short-wavelength IQE was nearly identical for the 45 Ω/sq planar and textured emitter, 
Figure 9.3. Measured enhancement in efficiency resulting 
from a 100 Ω/sq over a 45 Ω/sq emitter in textured and 




















assuming the same FSRV. Therefore, the difference in the short-wavelength response due 
to path-length enhancement is negligible if FSRV is assumed to be the same. However, if 
the change in FSRV is different due to texturing for high and low sheet-resistance 
emitters then it could influence the change in IQE due to texturing. This can happen 
because FSRV is known to be a function of surface dopant concentration. Thus, FSRV 
may be very different for the high and low sheet-resistance cells before and after 
texturing. 
 
Therefore, the FSRV difference was investigated in detail to explain the 
enhancement difference between textured and planar cells for 45 and 100 Ω/sq emitter 
cells. The change in FSRV for the 45 Ω/sq emitter is expected to be greater as a result of 
texturing because FSRV should increase by a factor of ~1.73 in both cases. As a result of 
the 1.73 times increase in the surface area, the 45 Ω/sq emitter is expected to have a 
higher FSRV due to higher emitter surface concentration.  To prove this point, the FSRV 
Figure 9.4. PC1D-simulated short-wavelength response for textured 




























was extracted by matching the measured short-wavelength IQE with the PC1D-modeled 
IQE for planar and textured cells.  An example of the FSRV extraction is shown in Fig. 
9.5, which shows an excellent match between the measured and simulated short-
wavelength IQE for a FZ cell with a 100 Ω/sq textured emitter is shown in Figure 9.5. 
The short-wavelength IQE response for all the four cases (100 and 45 Ω/sq emitters for 
textured and planar surfaces) is shown in Fig. 9.6. The extracted FSRV values for each 
case are shown in Table 9.2. The extracted FSRV values in Table 9.2 validate an increase 
of 1.7 times in FSRV due to texturing for both the emitters. However, Table 9.2 shows 
that the FSRV change is much greater for the textured devices when switching from the 
45 Ω/sq emitter to the 100 Ω/sq emitter (35,000 cm/s to 60,000 cm/s for the 100 Ω/sq 
emitter, and 90,000 cm/s to 150,000 cm/s for the 45 Ω/sq emitter). Using the FSRV 
values in Table 9.2, PC1D simulations were performed (Fig. 9.7), which showed that 
texturing provides an additional enhancement of 0.4% in ∆η in favor of the high sheet-





















Figure 9.5. IQE matching of experimental short-
wavelength response data using PC1D-modeled data for 







































100 ohm/sq textured emitter
45 ohm/sq textured emitter
45 ohm/sq planar emitter
100 ohm/sq planar emitter
0.6 Ω-cm textured FZ
 
Figure 9.6. Short-wavelength IQE response of the 45 and 100 ohm/sq 









           
























































(b) Planar high and low sheet-resistance emitter cells. 
 
Figure 9.7. PC1D modeling of the efficiency versus FSRV for (a) 
textured and (b) planar cells with high and low sheet-resistance emitters. 
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9.3.2 Study of Contact Interface Difference for Textured and     
         Planar Cells 
 
We have also investigated the contact interface for both textured and planar high 
sheet-resistance emitter cells.  Figure 9.8 shows top-view SEM images of the area 
underneath the Ag gridline (~25×25 µm) after etching away the bulk metal of the gridline 
and the glass layer. As shown in Figure 9.8(a), the planar surface has a more irregular 
distribution of Ag crystallite precipitation compared with the textured emitter surface in 
Figure 9.8(b).  Ag crystallites represent the current pick-up points from the Si emitter to 
the Ag grid [78]. Figure 9.8(b) shows that there is Ag precipitation mainly at the peaks 
and edges of the texture pyramids, even in regions where the Ag crystallite precipitation 
is sparse.  However, this is not the case for the planar surface, where many regions are 
devoid of Ag crystallite precipitation.  This results in a less regular distribution of Ag 
crystallites for the planar emitter surface as opposed to the textured emitter surface. This 
may explain the smaller standard deviation of 0.48 Ω-cm2 in the series resistance for 
textured emitter cells compared with a standard deviation of 1.19 Ω-cm2 for planar 
emitter cells. In addition, the macroscopic specific-contact resistance for the planar cells 
was measured to be ~2 mΩ-cm2, and for the textured cells it is ~0.63 mΩ-cm2. However, 
the fill factors achieved on the high-performance textured and planar 100 Ω/sq cells are 
very close because the specific contact resistance is less than 3 mΩ-cm2 in both cases, 
Table 9.2:. Extracted FSRV values for 45 and 100 Ω/sq textured and planar 
emitters. 
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Ag precipitates are regularly observed on the textured emitter, particularly at the tips and 
edges of the pyramids. One possible reason is that the surface area per unit volume is 
greater at the tips and edges of the pyramids so there is a higher probability of 
precipitation. In addition, Si etching is more rapid and easy at the tips because when the 
(111) plane is etched off by the frit, the exposed (100) plane etches even more rapidly 
and results in rounding of the tip (Fig. 9.9). Finally, as shown in Figure 9.10, there are 
Figure 9.8. SEM top-view images of the region underneath the screen-










more Ag precipitates on the (111) plane, which forms the sides of the texture pyramids. 
























Figure 9.10. Ag precipitation on the (111) Si emitter surface after 
firing the paste through the SiNx film. 
 








9.3.3 Record High-Efficiency Screen-Printed Textured Cells with 100  
         Ω/sq Emitters 
 
Through the understanding and implementation of all of the above effects 
associated with paste, firing, and texturing, record high-efficiency 19% screen-printed 
cells were achieved on 0.6 Ω-cm FZ Si with a textured 100 Ω/sq emitter and a single-
layer PECVD ARC. This efficiency was independently confirmed by NREL (Fig. 9.11). 
Figure 9.12 shows the simple low-cost process sequence used for fabricating the cell. 
This cell has 0.6 Ω-cm base resistivity and a single-layer antireflection coating (PECVD 
SiNx). The best cell had an excellent FF of ~0.78 and high current of ~37.5 mA/cm2 as a 
result of texturing, in addition to a high Voc of 643 mV. Figure 9.13 shows that most of 
the textured cells fabricated on 100 Ω/sq emitters had efficiencies greater than 17.0% and 
about half had efficiencies in the range of 18-19%. The poor efficiencies for some of the 
cells shown in Figure 9.13 generally resulted from the high series resistance. This was 
reflected in a high contact resistance and very low FF. Thus, more work needs to be done 
to improve the uniformity of high-efficiency cells with high sheet- resistance emitters.  
Figure 9.14 shows a distribution of nine 4 cm2 cells on one 4-in diameter FZ wafer with 
front and back surface texture. These cells were measured at NREL using a mask with an 
aperture area of 3.8 cm2.  The Voc of these cells was ~643 mV, which demonstrates high-
quality screen-printed contacts without shunting of the shallow high sheet-resistance 
emitter.  
The 19% cell achieved in this research represents the highest-efficiency screen-
printed cell to date. Figure 9.15 shows the progress of high-efficiency screen-printed cells 
since 1980. The cell fabricated in this research work had an area of 4 cm2. Prior to this 
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Munzer et al. [128] reported on 18.2% efficient cells on large-area (106 cm2) CZ wafers 
but with a longer process sequence. Figure 9.16 shows the distribution of a large number 
of high-efficiency textured cells fabricated in this research with 100 Ω/sq emitter using 
(a) 1.3 and (b) 0.6 Ω-cm base resistivity. Most of the cells were fabricated with PV168 
Ag paste from DuPont. However, 1.3 Ω-cm base resistivity cells with efficiencies greater 
than 18% were also achieved using Ag paste 33-455 from Ferro.  The Voc, Jsc, FF, and 
cell efficiency (%) of a large number of 17-18%- and 18-19%-eficient cells are shown in 



































Figure 9.11. I-V measurement by NREL for the 19.0% textured front 


























































Total of 63 cells
     Figure 9.13. Efficiency distribution of 63 textured (0.6 and 1.3 Ω-cm        
    base resistivity) cells with 100 Ω/sq emitters. 
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Figure 9.14. The distribution of nine 4 cm2 cells with a 3.8 cm2 mask on a 4 
in. 0.6 Ω-cm FZ wafer textured on both sides. The Voc ranged form 641-644 
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Figure 9.16. The distribution of cell efficiency of textured 100 Ω/sq emitter cells on (a) 
1.3 Ω-cm and (b) 0.6 Ω-cm FZ Si substrates.
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Table 9.3: Measured Voc, Jsc and FF for 100 Ω/sq emitter 
textured cells with 17-18% efficiencies. 
 
Cell ID Voc (mV) Jsc (mA/cm2) FF Eff (%)
T06-100-1-2-1 638 37.30 0.751 17.88
A1-7-8 639 38.06 0.747 17.96
A1-7-1 639 38.16 0.750 17.92
A1-10-8 637 37.78 0.739 17.78
A1-8-1 638 37.73 0.747 17.90
A1-8-8 635 37.52 0.743 17.78
A1-9-2 638 37.82 0.752 17.84
A1-9-4 639 38.09 0.745 17.76
A1-9-5 636 38.27 0.749 17.85
A1-3-1 633 36.24 0.770 17.67
A1-3-3 635 36.98 0.755 17.72
A1-3-4 634 36.79 0.771 17.97
A1-3-7 634 36.95 0.767 17.96
A1-3-8 635 37.12 0.761 17.94
A1-4-7 638 38.42 0.730 17.89
A1-1-4 637 37.81 0.735 17.71










































Table 9.4: Measured Voc, Jsc and FF for 100 Ω/sq emitter 
textured cells with 18-19% efficiencies. 
Cell ID Voc(mV) Jsc(mA/cm
2) FF Eff (%)
T06-100-1-2-2 641 37.07 0.763 18.13
T06-100-1-2-3 640 37.14 0.767 18.23
T06-100-1-2-4 641 37.41 0.772 18.51
T06-100-1-2-5 642 37.45 0.772 18.58
T06-100-1-2-6 643 37.30 0.780 18.70
T06-100-1-2-3 641 37.00 0.769 18.23
T06-100-1-2-7 643 37.31 0.780 18.69
T06-100-1-2-8 644 37.27 0.774 18.56
T06-100-1-2-9 643 37.48 0.781 18.83
T06-100-1-1-1 642 37.30 0.779 18.64
T06-100-1-1-3 642 37.08 0.781 18.59
T06-100-1-1-4 642 37.21 0.775 18.52
T06-100-1-1-5 642 37.22 0.774 18.48
T06-100-1-1-8 642 37.30 0.776 18.57
p06-100-1-1-1 639 37.44 0.759 18.16
p06-100-1-1-3 641 37.32 0.777 18.57
p06-100-1-1-6 641 37.45 0.779 18.69
Tx06-1-1 645 37.67 0.766 18.60
Tx06-1-3 640 37.61 0.762 18.35
Tx06-1-4 640 37.92 0.759 18.40
Tx06-1-6 639 38.07 0.747 18.17
Tx06-1-7 638 37.66 0.757 18.19
Tx06-1-8 641 38.04 0.757 18.44
A1-9-6 634 37.53 0.764 18.16
A1-9-8 635 37.58 0.763 18.21
A1-9-9 635 37.70 0.762 18.25
A1-10-1 635 37.68 0.768 18.36
A1-10-3 635 37.53 0.768 18.29
A1-10-7 635 37.62 0.767 18.31
A1-10-9 634 37.74 0.763 18.27
A1-4-1 638 37.95 0.766 18.55
A1-4-2 639 38.16 0.767 18.72
A1-4-3 638 38.13 0.755 18.39
A1-4-4 637 38.00 0.766 18.54
A1-4-5 638 38.04 0.772 18.74
A1-4-6 638 38.14 0.767 18.66
A1-4-8 639 38.29 0.764 18.67
A1-4-9 639 37.81 0.767 18.53
A1-1-1 638 37.67 0.760 18.27
A1-1-2 638 37.62 0.751 18.02
A1-1-3 638 37.73 0.763 18.35
A1-1-7 638 38.01 0.765 18.56
A1-1-8 637 37.76 0.771 18.55
A1-1-9 639 38.06 0.748 18.19
A1-3-2 635 37.13 0.768 18.09
A1-3-5 634 36.95 0.773 18.12
A1-3-6 634 36.69 0.775 18.01
A1-3-9 635 37.52 0.765 18.24
A1-6-1 636 38.31 0.754 18.37
A1-6-2 637 38.25 0.754 18.37
A1-6-3 638 37.82 0.767 18.52
A1-6-4 637 38.53 0.755 18.52
A1-6-6 639 38.09 0.741 18.02
A1-6-8 636 38.27 0.755 18.39
A1-6-9 638 38.60 0.761 18.74
A1-7-2 638 38.13 0.764 18.38
A1-7-4 638 38.04 0.770 18.53
A1-7-5 638 38.14 0.764 18.33
A1-7-7 639 37.81 0.768 18.35
A1-8-5 635 37.13 0.768 18.28
A1-8-6 634 36.95 0.769 18.29
A1-8-7 634 36.69 0.761 18.19
A1-8-9 636 38.31 0.759 18.16
A1-9-1 637 38.25 0.764 18.18
A1-9-3 637 38.53 0.762 18.11  
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9.3.4 Modeling of the High-Efficiency Textured Cell and Investigation  
          of the Voc Limiting Factors  
 
The 19% screen-printed cell was thoroughly characterized and modeled to explain 
its high performance. The FSRV and BSRV were extracted by matching the measured 
IQE with the PC1D simulated IQE (Fig. 9.17) using the inputs shown in Table 9.5. The 
FSRV was found to be 60,000 cm/s from the matching of the short-wavelength response, 
and the IQE match in the long-wavelength response gave a back-surface recombination 
velocity (BSRV) of 600 cm/s (Fig. 9.17). Cells textured on both sides as well as only on 
the front side only with a planar back gave the same BSRV of ~600 cm/s, which indicates 
that the textured back does not appreciably degrade the back-surface field quality. The 
minority-carrier lifetime (τB) in the 0.6 Ω-cm finished cell was measured after etching the 
emitter and the Al BSF of the cell. The junction leakage current (Jo2) of 2 nA/cm2 and 
second-diode ideality factor (n2) of 1.65 were extracted using the suns-Voc technique 
discussed in Chapter 2 [29].  The exact emitter profile was measured using spreading 
resistance on a planar 100 Ω/sq emitter and was used in the PC1D modeling of the 
textured cell.  The back reflectance was extracted to be ~61.5% using an extended 
spectral analysis of the cell IQE, which involves matching the IQE and escape reflectance 
in the wavelength regime of 1050-1200 nm [133].  The grid shading was obtained by 
measuring the printed line width of ~80-µm gridlines on the 2 cm × 2 cm cell.  Using 
these parameters, the PC1D cell modeling gave a cell efficiency of 19.0%, with 
Voc=640.3 mV and Jsc=37.3 mA/cm2, which agreed well with the measured data. PC1D 
modeling was extended on the textured 45 Ω/sq and 100 Ω/sq emitter cells using the 
measured inputs, and it is found that the simulated enhancement in Voc, Jsc, and cell 
efficiency, resulting from the high sheet-resistance emitter, was very close to the 
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measured enhancement, as shown in Figure 9.18. The extracted FSRV for the textured 45 



















Table 9.5: Modeling parameters for the 19% textured 100 Ω/sq cell. 
Cell Parameters  Textured FZ Cell








Emitter sheet resistance (Ω/sq) 100
Surface Conc. (cm-3) 1.5x1020
Texture angle (degrees) 54.7





grid shading (%) ~4% (for 75-85 µm gridlines) 
























0.6 Ω-cm textured FZ










              
 
 
9.3.4.1 Extraction of the Emitter and Base Saturation Current Densities in the 19%  
             Efficient Cells 
 
The emitter and base saturation current densities Joe and Job can be found by 
biasing the cell in the dark in the PC1D device modeling program. Job can also be found 
from the following equation: 












where q is the elementary charge, ni is the intrinsic carrier density, NA is the acceptor 
carrier density, D is the diffusivity of minority carriers, Leff  is the effective (including the 
surface effect) minority-carrier diffusion length, and F is described in Section 4.1. 
To find the emitter saturation current density using dark bias in PC1D, the electric 
field across the depletion region is simulated and plotted to obtain the depletion region 
edges and doping concentration there.  Joe is found from the following equation: 
         













Figure 9.18 Experimental and PC1D-modeled data of the enhancement in 
efficiency, Jsc, and Voc resulting from the 100 Ω/sq emitter textured cell. 
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where Jp is the minority-carrier current in the emitter region. All parameters were 
determined at xjn which represents the junction edge or the width of the depletion region 
on the n-side (emitter side) of the p-n junction at the applied bias. T is room temperature 
and k is the Boltzmann constant. V is the applied bias voltage, which was set to 0.4 V, so 
that it is in a region where the shunt resistance and series resistance do not come into 
play.  Jp(xjn) is obtained from the PC1D simulation output. Joe is found to be ~230 fA/cm2 
for the 100 Ω/sq textured high-efficiency cell, for an FSRV of 60,000 cm/s and the PC1D 
inputs in Table 9.5.  Similarly, Job was found using the following equation: 






















Job was found to be ~170 fA/cm2 for a textured cell using a p-type 0.6 Ω-cm base 
resistivity wafer with a BSRV of 600 cm/s and a bulk lifetime of ~250 µs.  Since 
Jo1=Joe+Job, the total Jo1 value of 400 fA/cm2 is obtained from the above analysis. To 
validate this analysis, suns-Voc was used to directly measure Jo1 (refer to Chapter 2). 
The measured Jo1 was found to be 433 fA/cm2, which is in good agreement with 
the simulated results. This analysis shows that the Joe is higher than Job, which indicates 
that cell performance and Voc are still affected by Joe in spite of the high sheet-resistance 
emitter. In addition, Voc can also be improved further by lowering the Job.  
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9.3.4.2 The Effect of the Metal Grid Coverage on the Emitter Saturation Current    
            Density and the Open-Circuit Voltage 
 
The previous section revealed that even in the 19% efficient cell, Joe partly limits 
the Voc of the device. This could be the result of the grid coverage of the screen-printed 
contact, which could increase the effective FSRV and lower the Voc. Therefore, in this 
section, an attempt is made to quantify the impact of the metal grid on Joe and Voc. This 
was done with the help of the extracted and measured parameters in the previous section, 
Joe measurement by the PCD technique (refer to Chapter 2) without the grid, and the 
measured metal area fraction.  
The total emitter saturation current density of the finished cell can be expressed as 
( ) (9.4)                                                 1 oeSiNmoemmoe JFJFJ −+=
 
where Fm is the metal grid coverage and Joem is the emitter saturation current density 
underneath the metal grid.  JoeSiN  is the emitter saturation current density between the 
gridlines and underneath the silicon nitride film. This was measured using the PCD 
lifetime tester (refer to Chapter 2). And was found to be 115 fA/cm2. Fm was estimated at 
~4% for the 10-line grid formed by PV168 paste, which gave 75- to 85-µm wide gridlines 
on a 2 cm × 2 cm cell.  
Joem was calculated from equation (9.4) using the estimated value of Joe 
(Jo1(measured)-Job(extracted)), metal area coverage, Fm, of 4%, and JoeSiN of 115 fA/cm2 for the 
100 Ω/sq textured emitter. Joem was found to be 3915 fA/cm2 for the textured 19% high-
efficiency cells. This result is in good agreement with the Joem of 4000 fA/cm2 obtained 
by Lenkeit et al. for a 100 Ω/sq planar emitter [113]. After determining the Joem, it is now 
possible to plot the total emitter recombination current density, Joe, as a function of the 
metal grid area fraction, Fm, for the textured cells, as shown in Figure 9.19. Figure 9.19 
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also shows the effect of the metal grid coverage on Voc, calculated using the single- diode 
model equation without the effect of Jo2, (Voc=kT/q⋅ln(Jsc/Jo1 + 1)). Recall that 
Jo1=Joe+Job and Job=170 fA/cm2 and Jsc=37.3 mA/cm2 for this cell.  For the grid area 
coverage of ~4%, the calculations give a Voc of 651 mV, which is in good agreement with 
the experimental value of Voc≅644 mV. The difference should be accounted for by 
incorporating the Jo2 term. Notice that the maximum Voc without any metal front grid, 
calculated from JoSiN, is ~663 mV for the textured 100 Ω/sq emitter cells. This shows that 
the front metal grid is responsible for ~20 mV loss in Voc (663-644=19 mV). Thus, 
incorporating finer gridlines using techniques like hot-melt printing can improve cell 
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Figure 9.19. The effect of the metal grid percent coverage on the 
emitter saturation current density for textured 100 Ω/sq emitter cells. 
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9.4  Conclusions 
Surface texturing produced greater enhancement in cells with high emitter sheet-
resistance.  This is mainly attributed to the smaller increase in FSRV due to texturing of 
the lightly doped emitters. Optimized co-firing was developed for textured cells which 
provided a high FF of 0.784 on a 100 Ω/sq emitter along with a record efficiency of 
19.0%. This was primarily due to the high-quality contacts, resulting in a low series 
resistance and junction leakage. High Voc of 640-644 mV indicates high-quality contacts 
with low junction recombination as well as acceptable front-surface passivation.   The 
textured surface also shows more robustness in achieving consistently low series 
resistance compared with the planar emitter surface as a result of the ease of the Ag 
crystallite precipitation and contact formation at the edges and tips of the pyramids.  Our 
modeling results show that improving the FSRV from 60,000 cm/s to 30,000 cm/s could 
increase cell efficiency to ~19.3%.  The use of a 95% back reflector as well as a lower 




CHAPTER 10  
 




In this chapter, guidelines are provided to achieve greater than 19% efficient FZ 
Si cells while maintaining cost effectiveness by using low-cost processes. To do this, 
model calculations were performed using the record high-efficiency 19% cell as a starting 
point. The results of these calculations are illustrated in Figure 10.1, where key variables 
were changed to provide guidelines for taking this efficiency beyond 20%. The results 
indicate that this can be achieved mainly by reducing the back-surface recombination 
velocity, improving the back-surface reflectance, and reducing the FSRV. Figure 10.1 
shows that the reduction in BSRV from 600 to ~50 cm/s can enhance cell performance 
from 19-19.6%. However, this is not a trivial task using conventional passivating 
dielectrics, while maintaining a high throughput manufacturing process. The widely used 
aluminum back-surface field today gives much higher BSRV values. Also, Al firing 
could cause bowing, especially for thin cells. Therefore, other back passivation 
techniques need to be employed to achieve ≤50 cm/s BSRV. 
Even though wet/dry thermal oxide is known to provide excellent passivation 
[134], the oxide passivation quality degrades when screen-printed contacts are fired in the 
atmosphere at high temperatures.  Silicon nitride films are known to have a lot of positive 
charge, which induces an inversion layer and parasitic shunting at the back of the solar 
cell when deposited on bare Si. This degrades the passivation quality and the open-circuit 
voltage [135]. Hence, improving the back-surface field may require an amorphous Si (a-
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Si) film on the back side of the cell similar to that has been developed for the HIT solar 
cells [136]. The amorphous Si has a wider bandgap, which acts as a barrier to carrier 
recombination at the surface. The amorphous Si can be deposited on the crystalline Si by 
CVD.  It has been demonstrated that a recombination velocity of less than 50 cm/s can be 
achieved at the a-Si/crystalline-Si interface. However, implementation of this in 
conventional screen-printed cells could be challenging. 
Figure 10.1 shows that once a low BSRV of ~50 cm/s has been achieved, a back 
reflector of 95%, as opposed to ~62% in the 19% cell, can raise the efficiency to 20.3%. 
This is possible by using a metal reflector on top of a dielectric layer (e.g., silicon nitride) 
on the back of the cell. However, the challenge will be to fire point contacts through the 
silicon nitride film and still achieve a good ohmic contact. This can be done by laser 
grooving through the nitride or by using a screen-printed paste that dissolves the SiNx 
film at selected points. Finally, reducing the FSRV from 60,000 cm/s to 20,000 cm/s can 
drive the efficiency up to 21% for a textured cell. This may require very fine gridlines 











































Some cells were fabricated in this research with photolithography (PL) front 
contacts (see Appendix E for the process sequence), while the rest of the cell structure 
was identical to the screen-printed (SP) cells. The front grid metallization was the last 
step in the fabrication process. These cells were compared to the fully screen-printed 
planar cells developed in Chapter 5. Table 10.1 shows a difference of ~0.4% between the 
co-fired screen-printed cell and the PL cell.  This difference is attributed to the lower 
series resistance, ~0.4 Ω-cm2 for the PL cell, as opposed to 0.85 Ω-cm2 for the SP cell. In 
addition, the lower shading of ~3% resulting from the finer PL fingers gave a higher 
current density of 34.9mA/cm2. Figure 10.2 shows that an optimized grid with finer lines 
and closer grid spacing (S) gives a lower loss in FF because of the decrease in sheet 
 


















FSRV=20,000 cm/s, BSRV=50 cm/s, Rb=95%





Figure 10.1. Efficiency versus cell thickness for different BSRV values for a 
textured cell. Results are also shown when the FSRV is reduced from 60,000 
cm/s to 20,000 cm/s. The circle indicates the current status of 19% cell. 
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resistance loss. This brings the resistive loss in 100 and 45 Ω/sq cells much closer; thus, 
enhancing the benefit of the 100 Ω/sq emitter. 
Based on the above results, future work should involve printing finer gridlines. 
This could be done by using the hotmelt technique [137], where the viscosity of the paste 
is controlled by the screen temperature rather than by the shear rate of the squeegee 
movement and original rheology of the paste alone. This allows for the possibility of 
printing finer lines at fast squeegee speeds. The other advantage of the hotmelt paste is 
that it “freezes” (the viscosity rapidly increases) as it comes in contact with the cooler 
wafer and therefore there is less chance for the gridline to spread and more shading.  The 
hotmelt paste does not require a drying step. Continuous gridlines of ~60 µm have been 
printed using a hotmelt paste. It is probably possible to print 50 µm lines to reduce the 





















Table 10.1: Screen-printed (SP-PV168) versus photolithography (PL) front 
metallization cells with single-layer SiNx ARC.  
CELL Voc(mV) Jsc(mA/cm2) FF Eff(%) n factor Rs(Ω -cm2) Rsh(Ω -cm2)
PL 640 34.90 0.797 17.80 1.12 0.41 57577
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Figure 10.2. The loss in fill factor resulting from the emitter sheet resistance for 




DERIVATION AND UNDERSTANDING OF 
LOSSES DUE TO THE FRONT METAL GRID 
AND EMITTER SHEET RESISTANCE 
 
 
The power loss mechanisms resulting from resistive and shadow losses are given 
below. The equations below describe the losses resulting from the front metal grid and 
can be used for optimizing the grid design [34].   These losses are given for the gridline 











The power loss resulting from the lateral sheet resistance, resistance of the metal 
fingers and bus are obtained by integrating the current I2dR, where dR is the resistance of 
a strip dx or dy (depending on the geometry of each case) wide and I is the current 
passing through the corresponding strip. 
The power loss resulting from the emitter sheet resistance is 











Figure A.1. Gridline structure of the cell used for 
deriving the power losses. 
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where JL is the light-generated current density and Re is the semiconductor sheet-
resistance. The power loss associated with the contact resistance is 
 
where ρc is the contact resistivity or specific contact resistance.  
 




The power loss associated with the busbar is given as  
 
 
where ρmetal is the resistivity of the grid metal, t is the thickness of the finger lines and 
busbar, wbusbar is the width of the busbar, and wfinger is width of the finger.  The current 
flow through the base or bulk of the cell results in the following power loss: 
 
 
where ρbulk is the resistivity of the semiconductor base and l is the thickness of the base 
region. Finally, the power loss resulting from shadowing of the emitter surface by the 
gridlines and the busbar is  
 
where PL is the power density of the incident light and  η is the energy conversion 
efficiency of the cell.  
 
( ) (A.2)                                                                      2 2122 ecLfrontcontact RnabJP ⋅=− ρ
( ) ( )       (A.3)                                                                             
3
4 232
fingermetalLfinger wtbnaJP ⋅= ρ
( ) ( ) (A.4)                                                                                
3
2 3322
busmetalLbus wtbnaJP ⋅= ρ
(A.5)                                                                                                      2 2 lnabJP bulkLbulk ρ=
( ) (A.6)                                                                     2 busbarfingerLshadow bwawnPP += η
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     It is normally more convenient to express the power loss terms as normalized to the 
unit cell area.  This is done by dividing the power loss expressions in equations (A.1) to 
(A.6) by 2nab, the area of the cell.  The normalized power loss equations are given in 
Table A.1 below: 
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ExpressionSource of loss 
Emitter sheet  
Grid contact interface 
Grid finger 











Generally, the width of the metal fingers is determined by technological 
constraints, typically ~100 µm for screen-printed metallization and 20-30 µm for 
photolithography contacts.  Thus, the design of the metal grid is practically restricted to 
optimizing the separation between the gridlines that yields optimum compromise between 
resistive and shading losses.  All the power loss mechanisms described in Appendix A 
are considered.  Considering a rectangular solar cell as in Figure A.1, the fractional 
power losses normalized to unit area are obtained by dividing the power loss, equation 
(A.8), by the maximum power output JmpVmp (Vmp is the voltage at the maximum power 
point) and substituting the light-generated current by the maximum operation current Jmp. 
Jmp used in the grid optimization includes all resistive losses but not the grid shading [27]. 
The method for finding the optimum gridline spacing is based on suggestions by Green 
[27] and Cuevas [104]. Considering half of the cell in Fig. A.1 with a gridline separation 
S=2b we then have the following fractional power losses:  
 Losses resulting from the lateral current flow in the diffused layer between the 
gridlines: 
 
 Losses resulting from the series resistance of the gridlines:  











where a is the length of the gridline and Rm is the sheet resistance of the metal gridlines 
and is equal to ρmetal/t. 
 Losses resulting from the contact resistance between the gridlines and the 
semiconductor: 
 
  Losses resulting from the shadowing by the gridlines:  
 
The optimization procedure is to sum up all the losses and to obtain the minimum 
by taking the partial derivative of the total loss with respect to the gridline separation and 
equating this to zero.  This does not yield a direct closed-form analytical formula, and 
hence an iterative method is needed.  The approach used here is to assume that the 
contact resistance losses, pc, and finger resistive losses, pm, are both equal to zero.  This 
gives an initial estimate for the separation between the gridlines: 



















































This approximation is very close to the final converged value except in cases where the 
metal or contact resistances are very high. Improved accuracy can be obtained by 
differentiating the expression for the power loss (pe+pc+pm+ps) with respect to S.  The 
derivative must equal zero for the optimum value of S.  This optimum S is found using 
the Newton-Raphson method and iterating a few times for finding the roots of the non-





































DERIVATION OF THE CHANGE IN FILL 
FACTOR WITH SPECIFIC CONTACT 




C.1 The Effect of Specific Contact Resistance on Power Loss and Fill    
       Factor 
 
Since the metal grid covers only a fraction of the cell area (~5%), the grid area fraction-  
 
related specific-contact resistance (ρcm) is given by 
 
 
where ρc is the specific contact resistance (see equation (6.1) in Chapter 6) for a given  
 
grid area fraction: 
 
AT is the area of the unit cell and Am is the area of metal coverage. S is the spacing 
between the metal gridlines, and Wf is the gridline or finger width. The fractional power 
loss resulting from the contact resistance loss of metal fingers only (ignoring the busbar) 
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which is equation (B.3) in Appendix B. 
 
Now, the fill factor is directly proportional to the maximum power output: 
 
 
Hence, a resistive loss in the maximum power output would result in a directly 
proportional loss in fill factor. When studying the effect of contact resistance on fill 
factor, only the change in power loss resulting from the contact resistance effect on the 
maximum power output was considered. Thus, the following equation was used for the 
loss in FF due to the increase in specific contact resistance  
  
 
C.2  The Change in Fill Factor with Series Resistance 
 
An expression for the fill factor in the presence of series resistance is given by 
 
 
RCH is the characteristic resistance of a solar cell; FF0 represents the ideal fill factor in the 
absence of parasitic resistance and is given by the following empirical equation [27]: 
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where voc is the normalized voltage described as Voc/(nkT/q) for a single-diode solar cell 
model, n is the diode ideality factor. Equations (C.7) to (C.9) result in the following 
relation for typical solar cell values of Voc and Isc   assuming the shunt resistance is very 
high  [115]: 
 
Thus, for a 1 Ω-cm increase in series resistance, the FF increases by ~0.042 for a typical 
solar cell. 















(C.11)                                                                                042.0 sRFF ∆≈∆
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APPENDIX D 
DETAILED PROCESS SEQUENCE FOR 
SCREEN-PRINTED MONOCRYSTALLINE 
AND MULTICRYSTALLINE SI SOLAR CELLS 





1. Initial Cleaning 
-  DI rinse, 5 min. 
-  HF Dip (10:1 HF) 1 min. 
-  DI rinse, 2 min. 
-  DI H2O: H2O2 :H2SO4 =  2 : 1 : 1,   5 min. 
-  DI rinse, 3 min. 
-  HF Dip (10:1 HF) 1 min (for FZ and dendritic-web  wafers). 
-     For cast mc-Si use an etching solution: HNO3 : Acetic acid : HF in the following  
       ratio is approximately 15:5:2 for 8-10 min (2-3 min for Cz and EFG materials).    
       Alternatively an alkaline etch may be used. 
-  DI rinse, 2 min. 
-  DI  H2O: HCl : H2O2 : ratio 2 : 1 : 1,  10 min. 
-  Final DI rinse, 3 min. 
-  HF Dip (10:1 HF) for 30 sec. 
-  N2 dry and visual inspection.   
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 2.  POCl3 Furnace Diffusion for N+ Emitter 
Set temperature: 847o C for planar emitters to achieve sheet resistance of 95-105 Ω/sq 
and 877° C to achieve emitters with sheet resistance of 40-45 Ω/sq (20 min drive-in 
time in both cases). The POCl3 tube furnace (Tystar) recipe is shown in Table D.1.  It 
is important to note that for a textured surface, the diffusion temperature should be 
lower (843° C) to obtain the same emitter-sheet resistance of 95-100 Ω/sq.  
The conventional furnace oxidation (CFO) procedure is shown in Table D.2 (if needed 
before the SiNx deposition for better passivation (stack passivation)). 
 
3. Glass Removal and Post-Diffusion Cleaning 
DI rinse,  2-3 min. 
-  10:1 HF dip,   2 min. 
-  DI rinse 
-  Check Hydrophobic (no water on the wafer surface). 
-  N2 Dry. 
- Measure emitter-sheet resistance. 
- DI rinse, 2 min. 
- DI  H2O: HCl : H2O2 : ratio 2 : 1 : 1,  10 min. 
- Final DI rinse, 3 min. 
- HF Dip (10:1 HF) for 30 sec. 




4. PECVD SiNx Deposition  
a) High-frequency (HF) SiNx (13.56 MHz) 
Target: ~830 Å, 1.98 (finally 750 Å, 2.04 after 850o C firing). The deposition rate is 
normally ~2.1 Å/sec. Textured surfaces take about 4/3 times longer to deposit. 
-  First, chamber cleaning for 60 min. 
Gas flow rate: N2 ( 900 sccm), NH3 (11) sccm, and SiH4 ( 320 sccm). 
Pressure : 900 mTorr, Plasma power : 30 W (RF power). DC power should be zero. If 
not, run PECVD a couple of times for a dummy deposition of SiNx for a few minutes 
until the DC power reaches zero. 
OR 
b) Low-frequency (LF) SiNx (50 KHz) 
 Target: ~750-780 Å, 2.02 (no densification after firing). The deposition rate for the 
Coyote LF PECVD SiNx is ~3 Å/s for planar wafers and ~2.2 Å/s for textured wafers. 
First, ammonia pretreatment while plasma is on. 
Gas flow rate: No N2 flow, NH3 (3000) sccm, and Si3H4 (300 sccm). 
Pressure : 2 Torr, Plasma power : 150 W (RF power). 
 
5. Screen Printing of Al 
Before starting the printing Al on the back, make sure the dry belt is on and check the 
gas flow and temperature (~200o C). 
Paste: Al Paste FX53-038 from Ferro Corp. 
Stir paste gently for 3-5 min. 
Check the house vacuum, working with an appropriate level of strength in the printer. 
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-  IPA cleaning of screen, printer, tweezers, squeegee, spatula, and workbench. 
-  Printer setting: Snap-off distance (40 mils) + wafer thickness (~12 mils) + Texwipe 
(5 mils) (generally ~55 mils). 
-  Squeegee pressure ~ 25 psi. 
-  Dummy printing on dummy FZ wafers.  
-  Main run printing (should be done on the back side). 
-  Dry in the dry belt at ~200 oC for 2 min. 
 
6. Screen Printing of Ag 
- Turn on the dry belt and check the gas flow and temperature (~200o C). 
- Stir paste for 3-5 min. 
- Check the house vacuum, working with an appropriate level of strength in the    
   printer. 
- IPA cleaning of screen, printer, squeegee, tweezers, spatula, and workbench. 
-  Screen height ≈65 mils: Snap-off distance (30 mils) + wafer thickness (~12 mils) + 
Texwipe (5 mils) + alloyed Al (~20 mils).   
- Squeegee pressure should be ~25 psi, squeegee height should be lowered until 
continuous gridlines without disconnections are achieved. Lowering the squeegee 
too much will result in wafer breakage as well as line spreading on the wafer 
underneath the emulsion. 
- Print first on dummy FZ. 
- Main run printing should be done on top of the SiNx. 
- Dry in the dry belt at ~200 oC for 2 min. 
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7. Belt Furnace Co-Firing 
a) Contacting High Sheet-Resistance Emitters (>80 Ω/sq) using PV168 Ag Paste from  
    DuPont for Mono-crystalline (mainly planar and Textured FZ and Cz): 
-  First burn-out step (essential for PV168 paste) with conditions shown in Table D.3. 
-   The actual co-firing process uses recipe mhsdp80 shown in Table D.4. (This recipe is  
    not suitable for mc-Si wafers). It is important to note that the SiNx thickness should be  
    less than or equal to 750 Ǻ. 
 
b) Contacting High Sheet-Resistance Emitters (>80 Ω /sq) using Ferro Pastes (33-455,   
    33- 462) for Mono- and Multi-crystalline wafers: 
- Burn-out step is found unnecessary for paste 33-455, 33-462, and 33-49. 
- Recipe mhcofire (~746° C/1 sec actual peak temperature) shown in Table D.5.    
   However, this recipe is not suitable for pastes 33-460 and 33-452. This recipe also   
   works for large area cells without forming gas anneal. 
OR  
- Recipe mhsdp120 (~840°C/1 sec actual peak temperature) shown in Table D.6. This    
   recipe is suitable for all the pastes listed above. 
The left power is 23% and the right power is 17% for all firing conditions in the belt 
furnace. 
 
8. Cell Isolation 
Check dicing system: wheel, vacuum, air, and water flow. 
Wheel height setting: ~11 mils for isolation and ~2 mils for cutting. 
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Make sure no Al beads on the back side. 
After dicing, remove Si dust from the cells using DI water and soft Alpha-wipe. 
 
9. Forming Gas Anneal 
Check the forming gas flow meter and make sure enough gas is flowing. 
Turn on forming gas and let it flow for 5-10 min before loading samples. 
-  Forming gas anneal at 400o C for 10 min for less than 10 wafers; 15 min for more 
than 10 wafers. 
 
10. Cell Test for Lighted and Dark I-V Characteristics 
Check the I-V tester, cooling system, etc. 
Turn on light and adjust current level to obtain one-sun intensity; then, leave the light 
for 10-15 min for the lamp to stabilize. 
-  Standard cell test. 
-  Main cell test. 
 
11. Data Analysis and Documentation 
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Table D.1: Recipe 6. Phosphorous Diffusion (POCl3 Liquid Source, tube#3). Parameters 
not included in the table (e.g., Hi O2) are off as a default. Dep=deposition.  




















0 00:00:02 800 Default 3.0 150   15.0  
1 00:05:00 800 Boat in 5.0    15.0  
2 00:30:00 845* Ramp to 845 3.0    15.0  
3 00:05:00 845* Pre Dep 1.8 500 200 Off 15.0  
4 00:20:00 847* Dep 1.8 500 200 On 15.0  
5 00:05:00 847* Purge 1.8 500 200 Off 15.0  
6 00:12:00 847* Drive 3.0    15.0  
7 00:15:00 800* Ramp down 3.0    15.0  
8 00:10:00 800 Boat out 5.0     10.0 
  
* Controlled Ramp 
 


















0 00:05:00 800 Default 5.0   15.0  
1 00:05:00 800 Boat in 1.0   15.0  
2 00:30:00 925* Ramp to 925 1.0 Off Off 15.0  
3 00:06:00 925* Oxidation Off 200 3000 15.0  
4 00:05:00 925* Anneal 3.0 Off Off 15.0  
5 00:30:00 800* Purge 3.0  Off 15.0  
8 00:10:00 800 Boat out 5.0    10.0 
* Controlled Ramp 
 


















Plenum Cooling Tunnel 
Gas Flow Rates 
(sccm) 55 75 60 60 60 40 90 50 10 
Set Temperature 
(°C)  500 435 425 Belt speed = 25 IPM 
 
 
















 Eductor Plenum 
Cooling 
Tunnel 
Gas Flow Rates 
(sccm) 10 25 50 50 50 40 90 50 200 
Set Temperature 
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HYBRID SCREEN-PRINTED AL BACK AND 





1. Spin-on Doping and Baking  
-  Source: P507-6%. 
-  Spin speed: 3000 rpm. 
-  Spin time: 30 s. 
-  Bake: 200o C, 10 min using the oven; 200o C, 2 min using either a hot plate or dry   
    belt. 
 
2. Belt Diffusion for N+ Emitter Using Spin-on Dopant Source) 
For a sheet resistance of 45±5 Ω/sq.  
Set temperature: 925o C (for low humidity ambient) in all three heating zones. For 
high humidity (>40%) ~945o C was used. 
Belt speed: 5 ipm (inches per min). 
For a sheet resistance of 100±5 Ω/sq  
Set temperature: 890o C in all three heating zones.  





3. Phosphorus Glass Etch and Post-Diffusion Clean 
This has been already described in Appendix D. 
 
4. PECVD Single-Layer Antireflection Coating (SLAR) SiNx Deposition 
This step is added here in the cell process sequence only if no double-layer antireflection 
coating will be used. 
 
5. Al Back-Surface Field and ~80 Å Oxide Formation 
 
Table E.1: Recipe for RTP/RTO. 
 Type Time/rate 
(s or C/s) 
Temp( ˚C ) N2 O2 
1 Delay 10  On  
2 Ramp 20 400 On  
3 SS 5 400  On 
4 SS 30 400  On 
5 Ramp 100 850  On 
6 SS 120 850  On 
7 SS 5 850  On 
8 Ramp 1 800 On  




6. Photolithography Metallization Sequence 
 
THIN LIFT-OFF & PLATING 
 
 A- Resist application 
 
1. Bake 80º C, 30 min (water drive off step) 
2.  Spin speed to 3000 rpm and time for 30 sec. 
3.  Center wafer on chuck front side up and turn on the vacuum. 
4. Flood surface of wafer with HMDS (Hexamethyldisilizane) primer. Let stand for 
10 sec. Then start the spin cycle.  
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5. Using Shipley 1818 photo-resist pipette enough resist on the surface of the wafer  
            to cover approximately two thirds of the wafer surface. 
6. Spin at 3000 rpm for 30 sec. 
7. Repeat Steps 5 & 6 again; this will give total of two layers. 
8. Bake the wafer at 85-90° C for 20 min This bake time is important to the success  
            of the process; do not try to shorten it.  
 
B- Exposure & Development 
9. Expose (light intensity 12.5 mW/cm2) for 25-30 sec. 
10. Make up a developing solution consisting of three parts H2O to one part Shipley    
            351 developer.     
11. Develop ~ 1 to 1 ½ min. until windows are clear. Make sure development is 
complete (by observing under microscope) before going to next step. 
12. Rinse well in DI water 5 min with multiple dumps. 
13. Make sure the buffered-oxide etch solution (BOE) bottle does not have any 
crystals in it; otherwise, use new bottle. Make sure the water sheaths off the wafer 
after BOE etch.  
• For etching off the passivation oxide BOE, etch the wafer by dipping rinsed 
wafers in the BOE solution for 40-60  sec. 
      In case no DLAR (ZnS/Mg2F) will be used (only SLAR): 
• For etching off an annealed high-frequency PECVD SiNx: ~20 min of BOE 
etching is needed (for a single-layer antireflection coating (SLAR)).  
• For etching off an annealed low-frequency PECVD SiNx: ~45 min of BOE 
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etching is needed.  
14. Rinse in running DI water for 5 min with multiple dumps. 
15. Blow dry with dry N2 gun.
C- Metallization 
16. Apply metal using CVC evaporator. Evaporate 600 Å Ti, 400 Å Pd, and 1000 Å 
Ag. Allow 5 min for cooling before each rotation of hearth. This is important to 
avoid baking the resist to point where it will not dissolve in acetone during lift off. 
 
D- Lift-off 
17.       After removing wafers from evaporator, place in a beaker full of acetone. Place  
            beaker in an ultrasonic bath for 40 min.  
18.       Remove wafers from acetone one at a time and blow dry excess metal. If all     
            metal is not removed, allow another few minutes in ultrasonic bath and blow off  
            remaining metal. 
19.       Some wafers may lift off sooner than others and should be removed from acetone      
            and kept aside.  Metal that is very difficult to remove can be lifted off using tape   
            to pull the  metal off  the surface. 
20. After lift off is completed, clean the wafers by placing in two consecutive baths of 
two acetone followed by one IPA and one methanol for about 30 sec each. Then 
rinse in running DI water for 5 min with multiple dumps. 




E- Silver Electroplating for Thin Lift-off 
22. Never use acids near plating bath to prevent the release of cyanide. 
23. Turn on agitator for at least 15 min prior to use to mix the solution thoroughly. 
24. Check PH--should be around 13. 
25. Turn off the agitator before putting the sample in the solution. 
26. Connect plating clip to sample and turn on power supply and submerge the   
            sample in plating solution. 
27. Set current to 150 mA and maintain it constant at this value. 
28. Check the wafer every 2 min. Monitor total time on first two wafers until desired 
thickness is reached. Shining light for photo-plating may also be used to possibly 
enhance uniformity. 
29. Turn off power supply and DI rinse wafer thoroughly for 5 min with multiple  
            dumps. 
30. Blow dry with N2. 
31. The thickness of plated silver should be 7 or 8 um for 2x2 cells.   









































Time: 10 min. 




Light and Dark I-V 
 






1- MgF2 ~35 Å,  2- ZnS ~500 Å, 3- ~450 Å of MgF2, 
(thickness calculated based on oxide thickness of ~100 
Å). 





Temp: 400° C 
Time: 10 min. 
























The least-squares method gives the best-fitting straight line, which is the line that 
minimizes the sum of squares of lengths of the vertical line segments, as shown in Figure 
F.1, drawn from the measured data points to the fitted line. The smaller the deviations of 
the measured values from the line, and hence the smaller the sum of the squares of the 
deviations, the closer the best-fit line will be to the measured data. 
 Mathematically, the least-squares method can be described as follows. Let 
Ŷi=Ĉ0+Â1Xi,, where Ĉ0 and Â1 are the intercept and the slope of the fitted line, 
respectively. The vertical distance between the experimental data point (Xi ,Ŷi) and the 
corresponding point of the fitted line is given by the absolute value │Yi-Ŷi│. Thus, the 
sum of the squares of all these distances is given as [138] 
 
 
The least-squares solution is defined to be the choice of Ĉ0 and Â1   for which the sum of 
the squares is a minimum. The minimum sum of squares corresponding to the least- 
squares estimates Ĉ0 and Â1 is the sum of squares about the regression line, or the sum of 















For fitting the suns-Voc (Section 2.2.3), data is scaled using a scaling factor of the 
ratio of the fitting suns points sunsi/sunsk, where i<k; without this scaling, even a 
difference factor of two in the fit at low suns has no effect on the fit, because the square 
of the difference is negligible compared to the data at high suns.  So, if the least squares 
are not scaled, one will obtain a good fit only to the high suns data.  
 When using dark-IV analysis (Section 2.2.2), the residual incorporates the natural 
logarithm of the currents (the measured currents and the fitted current).  This results in an 
already scaled best-line fit, as the fit is sensitive that way to both high and low currents 







Ŷi= Ĉ0 and Â1 
   Xi 
X 
(Xi, Ŷi) 
Figure F.1. Deviations of the observed points from 




DERIVATION OF THE SPECIFIC CONTACT 





The current density Jsm from the semiconductor to the metal is given by the concentration 
of electrons with energies sufficient to overcome the potential barrier traversing in the x 
direction [110]: 








where EF+qφB is the minimum energy required for thermionic emission into the metal, 
and vx is the carrier velocity in the direction of transport.  For a heavily doped 
semiconductor or for operation at low temperature, the tunneling current could become 
the dominant transport process. Thus, equation (G.1) will be modified to include the 
thermionic emission and tunneling components [139]. The expression for Jsm (at a bias 
voltage V) is proportional to the quantum transmission coefficient T(η) multiplied by the 
occupational probability in the semiconductor Fs and the unoccupied probability in the 
metal; hence, Jsm is given by 
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A similar expression can be given to the current Jms traversing the metal to the 
semiconductor [110]: 
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The first term on the right hand side of equations (G.2) and (G.3) represents the 
contribution from the thermionic emission of carriers, while the second term is the 
tunneling component. A* is the effective Richardson constant, T is the temperature in °K, 
and φBn is the metal-semiconductor barrier height.  Fs and Fm are the Fermi-Dirac 
distribution functions for the semiconductor and for the metal, respectively. ξ and η are 
measured upward and downward from the potential maximum, as shown in Figure G.1. 
Figure G.1 shows the energy band diagram of a metal-semiconductor contact. For the 
bias voltage V=0, the metal-semiconductor contact will be in thermal equilibrium. T(ξ) 
and T(η) are the quantum transmission coefficients above and below the potential 
maximum. The total current density is the algebraic sum of equations (G.2) and (G.3) 
[139]: 
(G.4)                                                                                                      mssm JJJ +=  








qVJJ S  
 
where JS is the saturation current density obtained by extrapolating the current density 
from the log-linear region to V=0 and n is the ideality factor, defined as 














This ideality factor is very close to unity at low doping concentrations and high 
temperatures. However, it can depart from unity if the doping is increased or the 
temperature is lowered. Js is constant for low doping concentrations but increases rapidly 
for ND>1017 cm-3 [110]. 
The specific-contact resistance is the reciprocal of the derivative of the current 
density with respect to the voltage. For a zero bias, the specific contact resistance is an 
important figure of merit for ohmic contacts [33, 110, 139]: 


















The relative magnitude for the thermionic emission and tunneling components depends 
on the barrier height, temperature, and doping concentration. These factors are implicit in 
the quantum transmission functions or coefficients. For samples with higher doping 
concentrations, the tunneling component dominates the current flow (high doping and 
low temperature) and the first term on the right hand side of equations (G.2) and (G.3) 
can be neglected. Using the WKB approximation for the transmission coefficient, we 
have [139] 







VqT Bnφη  
where 









Substituting equation (G.9) into equation (G.2) (Fs→1 for EF >>E and Fm→0 for 
E>>EF): 
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Now, substituting into equation (G.8) for V=0 (no bias, thermal equilibrium) gives 












The elementary charge q in the denominator of equation (G.12) is for the unit conversion 
to obtain units of Ω-cm2 for the specific contact resistance; the barrier height, φBn, has 





































DERIVATION OF THE QUANTUM 




Starting from the time-independent one-dimensional Schrödinger equation, 
 


























where ψ(x) is the wave equation, E is the incoming electron energy, V(x) is the potential 
energy of the  electron, m* is the mass of an electron, and  ћ is the reduced Planck 
constant. Assuming V(x)-E is independent of position between x and x+dx and solving 
the differential equation, 
( ) ( ) ( ) (H.3)                                                                                           exp kdxxdxx −=+ ψψ
 
where the wave vector 
 
[ ]








The amplitude of the wave function at x=L can be related to that at x=0 by the following  
 
Equation: 












This equation is known as the Wentzel-Kramers-Brillouin (WKB) approximation [110]. 
From this, the tunneling probability can be obtained: 
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Assuming a parabolic potential energy barrier PE(x) or V(x) (Figure H.1), the metal oxide 
glass barrier could be represented by the following algebraic form [110]:  
( )












where qφB is the barrier potential energy with a barrier width L. The energy of the 
electron is measured from the center of the band.   
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